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Abstract
Fauna that use hollows in trees are vulnerable to the effects of timber harvesting. This 
conflict arises because logging reduces the number and types of hollows, and hollow­
bearing trees take longer to form than the period between logging events. Forest 
management agencies in Australia (and other countries) employ prescriptions on logged 
sites to mitigate these effects. This thesis focused on gathering new data to assess, and 
where relevant, improve the efficacy of these prescriptions. Data were collected in 
eucalypt forests straddling the border between south-eastern NSW and East Gippsland, 
Victoria, Australia.
Specifically, the topics examined in this thesis were: (1) the types of trees occupied by 
fauna; (2) the number of trees occupied; (3) the types of trees that developed hollows; (4) 
mortality and collapse among trees retained on logged sites; and (5) the number of trees 
perpetuated on logged sites over many logging rotations.
Approximately 57% of all living, hollow-bearing trees were occupied by vertebrate 
fauna. Therefore, if selected at random, trees with hollows had only a slightly greater 
than even chance of being suitable for occupancy. Living, hollow-bearing trees were 
occupied by fauna at an average rate of 10 h a1, which was substantially greater than the 
number of hollow-bearing trees retained on logged sites. Providing hollows on logged 
sites also involves the retention of trees that will develop hollows in the future. Trees of 
all ages and sizes developed hollows, but, on average, trees that were larger and older 
had a higher likelihood of containing hollows. A smaller proportion of suppressed (or 
growth restricted) trees contained hollows compared with dominant and co-dominant 
trees. Mortality among retained trees up to 2-4 years after logging averaged 14% in
south-eastern NSW and 41% in East Gippsland. The intensity of the post-logging bum 
was the most significant variable contributing to this difference.
The types of trees occupied by fauna, the number of trees occupied, the rate at which 
trees formed hollows and mortality among retained trees were used to parameterise a 
simulation model which examined the long-term dynamics of trees with hollows on 
logged sites. Logged sites examined in this thesis were predicted, on average, to 
perpetuate trees with hollows at a level below the initial numbers retained. The major 
reasons for this were: (a) the extent of post-logging mortality that occurred among 
retained trees; (b) the length of the logging rotations; and (c) the number of recruitment 
trees retained.
The findings of this thesis have a number of implications with respect to habitat-tree 
retention on logged sites. Guidelines are required for the types of trees selected for 
retention. This applies to trees with hollows that are selected to be occupied by fauna, 
and trees without hollows that are intended to provide hollows in the future. The number 
of hollow-bearing trees retained on logged sites fell well short of the number occupied by 
fauna. A landscape scale approach to this issue was advanced as the most feasible 
compromise between conservation and timber production objectives. Trees with hollows 
could only be perpetuated at desired numbers on logged sites in the study area where: (1) 
logging rotations were around 80 years or longer; (2) post-logging mortality among 
retained trees was minimal; and (3) the number of trees with hollows to trees without 
hollows was maintained at a ratio of approximately 1:3. The data needed to make these 
estimates should be collected as part of routine forest inventory.
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Chapter 1
Introduction
1.1 Background
Trees with hollows are a prominent structural feature of natural forests. In Australia, 
approximately 400 vertebrate species use hollows in trees, with about 180 of these 
species occurring in forested environments (Ambrose 1982). Approximately 28% of all 
amphibian species, 28% of all reptiles, 18% of all birds and 42% of all mammals in 
Australia have been recorded using this resource (Ambrose 1982, Saunders et al. 1982). 
Regional lists of vertebrate species that use hollows in Australia can be found in a 
number of publications (e.g. Mackowski 1987, Garnett and Loyn 1992, CNR 1993, 
Gibbons 1994a, Gibbons and Lindenmayer 1997a, Lamb et al. 1998), although a 
comprehensive list has not been assembled. A large number of invertebrate taxa can also 
be expected to use hollows (Kitching and Callaghan 1982, Mackowski 1987). In mid­
south forests of the USA, 58% of all species recorded in hollows and nest-boxes were 
invertebrates (data from McComb and Noble 1981a, McComb and Noble 1982). Fauna 
use hollows as diurnal and nocturnal shelters, for rearing young, for feeding, to facilitate 
ranging behaviour and dispersal. For many species, the use of hollows is obligate - no 
other habitat resource represents a feasible substitute.
Considerable research has been directed toward the conservation of hollow-using fauna 
because of concerns regarding the loss of hollow-bearing trees (e.g. Gibbs et al. 1993, 
Bennett et al. 1994a, Newton 1994, Pattanavibool and Edge 1996, Lindenmayer and 
Franklin 1997). Land-use practices such as clearing, grazing and timber production have
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been implicated with the loss of trees with hollows in Australia (Garnett and Loyn 1992, 
Bennett et al. 1994a). Eucalypts generally take upward of 150 years to develop suitable 
hollows (Mackowski 1984, Inions et al. 1989, Nelson and Morris 1994, Wormington 
1996), so they are not readily replaced. For these reasons, loss of hollow-bearing trees 
has been listed as a threatening process in the Victorian Flora and Fauna Guarantee Act 
(1988).
Hollow-using fauna, as a group, have frequently been identified as vulnerable to timber 
harvesting in eucalypt forest (e.g. Tyndale-Biscoe and Calaby 1975, Loyn et al. 1980, 
Recher et al. 1980, Kavanagh et al. 1985, Smith 1985, Lunney 1987, Milledge et al. 
1991), although the effects of timber harvesting are not uniform across all hollow-using 
fauna. Other things being equal, populations of hollow-using fauna appear to be 
positively associated with the number of available hollows (Lindenmayer et al. 1990a, 
1991a, 1994a, Newton 1994). Timber harvesting results in substantial reductions to this 
resource (Pattanavibool and Edge 1996, Gibbons and Lindenmayer 1997b), which may 
be cumulative over multiple logging cycles (Smith et al. 1994).
Forest management agencies in Australia (and other countries) employ strategies 
specifically formulated to mitigate the effects of logging on hollow-using fauna. On 
logged sites, these strategies focus on retaining trees with hollows, and trees likely to 
develop hollows. However, the efficacy of these strategies remains largely untested. 
There is considerable uncertainty with respect to the adequacy of the number of trees 
with hollows retained on logged sites, the suitability of retained trees for occupancy by 
fauna and the level at which trees with hollows will be perpetuated on logged sites 
(Lindenmayer et al. 1990b, Taylor and Haseler 1993, Mawson and Long 1994, McCarthy 
et al. 1994, Rhind 1996, Calver 1997, Gibbons and Lindenmayer 1997b, Mawson and
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Long 1997, Stoneman et al. 1997, Abbott 1998). These issues are the subject of this
thesis.
1.2 Thesis objectives
The objectives of this thesis are:
1. To identify the range of issues that need to be considered when developing strategies 
for retaining hollow-bearing trees (habitat trees) on logged sites in eucalypt forests;
2. Review existing approaches to hollow-tree retention on logged sites; and
3. Address perceived deficiencies in existing data and current approaches to habitat-tree 
retention.
The specific research questions posed as part of the third objective were:
• Are guidelines required for the types of trees with hollows selected for retention on 
logged sites?
• How many hollow-bearing trees are used by fauna?
• What types of trees develop hollows and is there any scope for this process to be 
accelerated?
• What is the rate of mortality among trees retained on logged sites and how does this 
differ across silvicultural systems?
• Are suitable trees with hollows being perpetuated at desired numbers on logged 
sites?
Data used to address these questions were collected from forest dominated by Brown
Barrel (or Cuttail) (E. fastigata), Messmate (E. obliqua) and Mountain Grey Gum (E.
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cypellocarpa) straddling the border between south-eastern NSW and East Gippsland, 
Victoria. This enabled comparison between two different silvicultural systems.
1.3 Issues not addressed in this thesis
This thesis focuses exclusively on hollow-using fauna, the hollow resource, and on the 
retention of trees with hollows on logged sites. Studies are confined to the use of tree- 
hollows by vertebrate fauna, although many invertebrate species also utilise hollows 
(McComb and Noble 1982). It is acknowledged that trees retained on logged sites 
perform other functions, such as providing nesting materials and foraging substrates 
(Recher 1991) and providing small-scale heterogeneity in stands (Clark and Clark 1996). 
This thesis is only concerned with standing trees, although fallen trees also represent 
important habitat to a range of species (Laven and Mac Nally 1998). Only measures 
employed for retaining hollow-bearing trees on logged sites are considered in detail, 
despite the fact that other conservation strategies (e.g. wildlife corridors) are also 
employed in multiple-use forests.
1.4 Definitions
"Hollows" or "cavities" are depressions, cracks, or holes in living or dead trees. Only 
hollows with a minimum entrance width > 2 cm are considered in this study. A "hollow­
bearing tree" is any standing tree (living or dead) with at least one hollow. In North 
America, such trees are termed "snags", although this often applies only to dead trees. 
"Habitat trees" are defined in this thesis as any trees retained on logged sites that either 
contain hollows or are intended to provide hollows in the future. The North American 
synonym is "wildlife trees". The term "hollow-using" is used throughout this thesis to 
refer to vertebrate fauna that are known to use hollows routinely. The term "hollow-
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dependent" is not used to describe fauna that use hollows because the degree to which all 
hollow-using fauna are truly hollow-dependent is a moot point.
1.5 Thesis outline
A broad range of issues relevant to the retention of trees with hollows on logged sites in 
eucalypt forests is initially reviewed (Chapter 2), and the extent to which these issues are 
addressed by current management practice assessed (Chapter 3). Major deficiencies 
identified in this assessment, and addressed in subsequent chapters, include: factors 
influencing the occupancy of trees by fauna (Chapter 4), and therefore the types of trees 
that should be selected for retention (Chapter 5); data to substantiate the numbers of 
habitat trees retained on logged sites (Chapter 6); the types of trees that should be chosen 
for recruiting new hollows into a stand (Chapter 7); and the extent to which silvicultural 
practice impacts upon mortality and collapse of trees retained on logged sites (Chapter 
8). The data from chapters 4-8 are combined in a simulation model used to explore the 
long-term dynamics of trees with hollows on logged sites under existing and theoretical 
management scenarios (Chapter 9). The overall implications of the findings to forest 
management are discussed in Chapter 10. A schematic outline of the thesis is illustrated 
in Figure 1.1.
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Discussion (10)
Introduction (1)
Types of trees 
occupied by fauna
Attrition of 
retained trees on 
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Number of trees 
required by fauna
The types of trees 
that develop hollows
Are hollow-bearing trees 
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numbers? (9)
Areas for which data are 
lacking to inform management
Review of issues (2) and 
management practices (3)
Figure 1.1. Thesis outline. The numbers in brackets refer to the relevant chapters.
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Chapter 2
A review of issues associated with the retention of 
hollow-bearing trees in forests managed for wood 
production
Abstract
Hollow-using fauna have been identified as vulnerable to the effects of timber harvesting 
in eucalypt forests. Logging reduces the availability o f hollows to these fauna by: (1) 
simplifying the diversity o f hollow types; (2) reducing the number o f hollows; (3) altering 
the spatial arrangement of trees with hollows; (3) hindering the recruitment o f these 
trees; and (4) increasing their attrition rate. Strategies employed to mitigate these effects 
must address a number of issues. The biology> of hollow-using species has implications 
with respect to the types, number and spacing of trees that should be retained. The rate 
at which trees grow and form hollows is important with respect to recruiting hollow­
bearing trees, as are the conditions that affect mortality and collapse o f trees retained on 
logged sites. Consideration must be given to the effects of retained trees on regeneration, 
timber yield and safety. The way in which habitat-tree retention integrates with 
conservation objectives at the landscape-scale is also an issue which should influence 
the ultimate form that habitat-tree prescriptions will take.
1 A modified version of this chapter has been published as: Gibbons, P. and Lindenmayer, D.B. 
1996. Issues associated with the retention of hollow-bearing trees within eucalypt forests managed 
for wood production. Forest Ecology and Management, 83(3): 245-279.
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2 .1 1ntroduction
Many studies have identified hollow-using fauna to be vulnerable to the impacts of 
logging in eucalypt forests (Table 2.1). In response, Australia's forest management 
agencies have introduced prescriptions for retaining hollow-bearing trees (habitat trees) 
on logged sites. In this chapter a range of issues relevant to the development of effective 
strategies for habitat-tree retention are reviewed. The breadth of issues discussed relates 
not only to the biology of the fauna concerned, but also to the silvicultural principles that 
underpin the management of wood production forests. These issues span topics relating 
to: (1) the objectives of retaining hollow-bearing trees; (2) the selection of individual 
trees on logged sites; (3) the spatial arrangement of retained trees; (4) the number of trees 
retained; (5) perpetuating a hollow resource in logged areas; (6) conflicts between tree 
retention strategies and wood production objectives; and (7) the inter-relationships 
between tree-retention strategies and the conservation of biodiversity at broader 
landscape and regional scales.
2.2 The objectives of retaining hollow-bearing trees on logged sites
Although not explicitly stated in existing prescriptions (e.g. SFNSW 1994), the 
objectives of retaining trees with hollows on logged sites are likely to be: (1) facilitating 
rapid recolonisation by fauna of logged areas; (2) preserving certain species in logged 
areas; and (3) the maintenance of landscape-scale processes. Generic prescriptions 
employed for conserving hollow-using fauna in Australian forests focus exclusively on 
perpetuating a hollow resource, because this is perceived to be the habitat component 
least likely to be regenerated within the normal logging cycle (Mackowski 1984). These 
prescriptions are implemented on the premise that the other habitat requirements of 
hollow-using fauna are either unaffected by logging, or will regenerate within the normal
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logging cycle. This premise is based on observations that many species of hollow-using 
fauna have recolonised logged sites where trees with hollows were retained (Loyn et al. 
1980, Smith 1985, Wapstra and Taylor 1998), although this has not been confirmed for 
all hollow-using species.
Table 2.1 Studies finding hollow-using fauna to be adversely affected by timber harvesting in 
eucalypt forest.
L o ca tio n T ax a  affec ted R eferen ce
E den , N S W 18 o f  th e  19 m am m al and  b ird  sp ec ies  lis ted  as sen sitiv e  
to  th e  e ffec ts  o f  in teg ra ted  lo g g in g  w ere  h o llo w -u sin g .
( R e c h e r e /a / .  1980)
G ip p sla n d , V ic H ole  n es tin g  b ird s fo u n d  in g re a te r  n u m b ers  in m atu re  
fo res t c o m p a red  to  lo g g in g  reg ro w th  up to  4 0  y ears  old. 
A rb o real m arsu p ia ls  ra re ly  found  in reg ro w th  fo res t up  to  
70 y ears  old.
(L oyn  e t al. 1980)
E den , N S W A d v e rse  e ffec ts  o f  lo g g in g  g rea tes t on b ird s  w h ich  req u ire  
tree  h o llo w s fo r n estin g  ( in te r  a lia ).
(K a v an a g n  e t  al. 1985)
B ega, N S W M o d ified  c le a rfe llin g  cau sed  s ig n ifican t re d u c tio n  to 
n u m b ers o f  h o llo w -u sin g  a rbo rea l m arsu p ia ls .
(L u n n ey  1987)
C en tra l
H ig h lan d s , V ic
O c cu rre n c e  o f  a rbo rea l m arsu p ia ls  s ig n ific a n tly  a sso c ia ted  
w ith  th e  d en sity  o f  trees w ith  h o llo w s
(L in d e n m ay e r e t al. 199 0 a , 
1991a, 1994a, 1994b)
C en tra l
H ig h lan d s , V ic
Y e llo w -b e llie d  G lid e r  (P eta u ru s  a u stra lis )  a n d  G re a te r  
G lid er (P eta u ro id e s  vo lans)  s ig n ifican tly  m o re  ab u n d an t 
in s tan d s  > 165  y e a rs  o ld  co m p ared  w ith  s ta n d s  5 0 -80  
y e ars  old.
(M ille d g e  e t  al. 1991)
E ast G ip p s la n d , 
V ic
B irds g ro u p e d  as sm all, m ed iu m  and  la rg e  h o llo w -n es te rs  
all fo u n d  to  be  s ig n if ic a n tly  m o re  ab u n d an t in m atu re  
fo res t c o m p a red  w ith  lo g g in g  reg row th .
(L o y n  1993)
N o rth -e a s t N S W T ree  h o le  b a ts  w ere  n eg a tiv e ly  asso c ia ted  w ith  c u llin g  o f  
u n m erc h an ta b le  stem s. P. v o la n s  ab sen t from  sites 
su p p o rtin g  less th an  six  h o llo w -b ea rin g  trees  p e r  ha.
(S m ith  e t al. 1994)
S o u th e rn  
T ab le la n d s , N S W
P. v o la n s  a b u n d an c e  35 %  lo w e r in lo g g ed  c o m p a red  to  
u n lo g g ed  m o is t forest.
(Q E M  1995)
S o u th -w e st
W este rn
A u s tra lia
B ru sh -ta iled  P h a sc o g a le  (P h a sc o g a le  ta p o a ta fa )  c eased  
n estin g  in h o llo w s w ith in  a reas a ffec ted  b y  lo g g in g . T h e  
av a ilab ility  o f  su itab le  trees fo r n estin g  se v e re ly  red u ced  
a fte r h a rv estin g .
(R h in d  1996)
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Another objective of retaining trees with hollows on logged sites may be to preserve 
populations of hollow-using fauna, such as endangered species, in logged areas. Such 
prescriptions typically specify the retention of other elements of habitat in addition to 
trees with hollows. For example, a prescription applied for the Powerful Owl (Ninox 
strenua) in New South Wales specified the retention of unlogged zones around nest sites, 
a certain area of unlogged habitat and the retention of additional trees with hollows 
where a major prey item (the Greater Glider Petauroides volans) occurred (NPWS and 
SFNSW 1996).
Tree retention strategies are likely to contribute to landscape-scale processes. This was 
the case for the Northern Spotted Owl (Strix occidentalis caurina) in the Pacific North­
west of the USA, where a major problem appeared to be predation among dispersing sub­
adults moving between old growth habitat patches (Thomas et al. 1990). Higher levels of 
tree retention within logged areas were employed in an attempt to mitigate these effects 
(Murphy and Noon 1992).
2.3 The types of trees occupied by hollow-using fauna
Vertebrate fauna in Australia that utilise hollows are a large, diverse assemblage, and it 
follows that the types of hollows suitable for occupancy varies considerably between 
species. The preference shown by fauna for certain types of hollows may be related to: 
(1) the physical size of the animal (Saunders et al. 1982, van Baien et al. 1982, 
Menkhorst 1984a, Hollands 1991, Haseler and Taylor 1993); (2) the thermoregulatory 
requirements of a species (Ambrose 1982, Calder et al. 1983, Tidemann and Flavel 
1987); (3) competition between species for nesting space (Ambrose 1982, Tidemann and 
Flavel 1987, Recher 1991); (4) predator avoidance (Ambrose 1982, Tidemann and Flavel 
1987, Soderquist 1994); and (5) the social organisation of the species (e.g. number of
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individuals that share the same hollow) (Henry and Craig 1984). The choice of trees with 
hollows for retention in logged areas should therefore be guided, at least in part, by the 
requirements of individual species. However, an assessment of hollows is often difficult 
to conduct from ground-level (Ambrose 1982, Mackowski 1987) and, therefore, 
relationships observed between hollow characteristics and tree characteristics represent a 
more feasible approach to selecting trees for retention in a management context.
Tree size appears strongly to influence hollow occupancy by many fauna. A number of 
studies have shown that the number of hollows in eucalypts increases with tree diameter 
(Recher et al. 1980, Ambrose 1982, Mackowski 1984, Newton-John 1992, Lindenmayer 
et al. 1993b, Bennett et al. 1994a, Soderquist and Lee 1994, Wormington 1996, Clode 
and Burgman 1997). In the Central Highlands of Victoria, trees were more likely to be 
suitable for occupancy if they contained multiple hollows (Lindenmayer et al. 1990a, 
199Id). It has been suggested that this was because trees with more hollows are more 
likely to contain a hollow that will be suitable for occupancy (Lindenmayer et al. 1990a).
Hollow dimensions also vary with tree diameter. The largest hollows in eucalypts are 
found in larger trees (Ambrose 1982, Mackowski 1987, Newton-John 1992, Bennett et 
al. 1994a). Large hollows are required by a number of species either because of the 
animal’s large physical size (e.g. cockatoos) or because of the number of individuals that 
constitute the nesting unit (e.g. roosting colonies of bats). Larger trees also contain the 
greatest range of hollow sizes. In studies of Blackbutt (E. pilularis), the larger trees 
contained more small, medium and large hollows compared with smaller trees 
(Mackowski, 1984, 1987). This pattern was not consistent in eucalypts studied in 
northern Victoria, although larger trees contained all hollow sizes (Bennett et al. 1994a). 
Large trees with hollows are considered to be beneficial to a wide range of hollow-
11
nesting species (Thomas 1979, Mackowski 1984, Hunter 1990) and, therefore, should be 
favoured for retention on logged sites.
The form of a tree may also provide an indication of its suitability for occupancy by 
hollow-using fauna (“form” is defined here as a tree’s stage of senescence, or decay). If 
unaffected by severe perturbation, trees pass through a number of successional stages of 
physical decline to an eventual point of collapse (Thomas 1979, Cline et al. 1980, 
Raphael and Morrison 1987, Smith and Lindenmayer 1988, Lindenmayer et al. 1990b, 
1997a, Banks 1993). There is evidence to suggest that these various stages of senescence 
may provide habitat for different hollow-using taxa. In montane ash forest of the Central 
Highlands of Victoria, the probability of trees being occupied by fauna was found to vary 
according to the form of the tree (Smith and Lindenmayer 1988, Lindenmayer et al. 
1990a, 1991a). For example, a preference was shown by Brown Antechinus (Antechinus 
stuartii) for tall, thin trees in earlier stages of senescence, whereas trees occupied by 
Leadbeater's Possum (Gymnobelideus leadbeateri) were typically in later stages of decay 
(Lindenmayer et al. 1990a, 1991a). Lindenmayer et al. (1991a) suggested that animals 
were probably not selecting trees on the basis of their size and shape per se, but other co­
varying properties such as the dimensions of hollows that tend to form in different types 
of trees.
It has been suggested that hollows in dead trees may be unsuitable for some species of 
hollow-using taxa. When compared with living trees, hollows in dead trees have a 
reduced capacity to moderate temperature extremes (Maeda, 1974 cited in Calder et al., 
1983). There is also a greater chance that hollows in dead trees will be interconnected 
(Ambrose 1982), which may preclude co-occupancy by certain species (Lindenmayer et 
al. 1990a). However, many hollow-using species have been observed to utilise dead trees
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(Adam-Gates 1996, Gibbons and Lindenmayer 1997a). These include a number of 
microchiropteran bat species (Lunney et al. 1988, Taylor and Sawa 1988, Lumsden et al. 
1994), a group in which selection of nest sites is more likely to be governed by climatic 
factors than other Australian hollow-using taxa (Tidemann and Flavel 1987). Indeed, 
some species seem to show a preference for hollows in dead trees (Taylor and Sawa 
1988), and in some areas hollows are only provided by such stems (Lindenmayer et al. 
1990a). In forest of northern Victoria, dead trees represented 18% of all trees with 
hollows (Bennett et al. 1994a). Dead trees should therefore be an integral part of any tree 
retention strategy for hollow-using fauna on logged sites.
Some hollow-using fauna have been observed to show a preference for hollows in certain 
tree species (Kehl and Borsboom 1984, Lindenmayer et al. 1991a, Lumsden et al. 1994). 
This is because some tree species exhibit a greater propensity to form certain types of 
hollows than others (Ambrose 1982, Calder et al. 1983, Traill 1991, Bennett et al. 
1994a). This may be related to differences between tree species in wood characteristics 
(Jacobs 1955, Wilkes 1982a, Atkinson et al. 1992), branching habit (Jacobs 1955, 
Ambrose 1982), resistance to fire (Vines 1968), or resistance to decay (Wilkes 1982b). 
Some tree species may also be more suitable for retention because they provide other key 
elements of habitat in addition to hollows (e.g. foraging substrate, nectar, pollen) or have 
greater longevity.
2.4 The number of hollow-bearing trees required by fauna
Many studies have found that species richness, or the population density of hollow-using 
fauna, is positively associated with the number of hollow-bearing trees on a site (Disney 
and Stokes 1975, Scott 1979, Kavanagh et al. 1985, Smith and Lindenmayer 1988, 
Lindenmayer et al. 1990a, 1994a). Logging results in forests containing fewer trees with
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hollows (McComb et al. 1993, Pattanavibool and Edge 1996). In East Gippsland, 
Victoria, logged sites, on average, supported 10% of the number of trees with hollows 
that occurred on unlogged sites (Gibbons and Lindenmayer 1997b) (Figure 2.1).
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Figure 2.1. The number of trees with hollows ha'1 (mean ± 95% confidence limits) on 
unlogged and logged sites in damp sclerophyll forest, East Gippsland, Victoria (Source: 
Gibbons and Lindenmayer 1997b).
A number of studies report low rates of hollow occupancy by fauna relative to the total 
number of hollows available. For example, in a North American study, only 9.5% of 
natural hollows were occupied (McComb and Noble 1981b). In Western Australia, 47% 
of available hollows were utilised by nesting birds (Saunders et al. 1982) and in a study 
in Victoria, 54% were occupied over a four-year period (Ambrose 1982). Two studies 
from south-eastern Australia found that approximately one third of trees with hollows 
were occupied by arboreal marsupials (Tyndale-Biscoe and Calaby 1975, Lindenmayer et 
al. 1990a). Although a large proportion of hollows may remain unused, it is unclear 
whether this indicates the resource is in excess. As discussed previously, some species 
may only occupy hollows of a certain type. Territorial behaviour may similarly limit the
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number of hollows that can be occupied within a given area (Saunders 1979, Saunders et 
al. 1982, Lindenmayer et al. 1990a). Many hollow-using taxa will defend part, or all, of 
their home range, or nest site, from occupation by conspecifics and other species. 
Demands placed upon the hollow resource will also fluctuate. Many species will only 
occupy hollows for certain periods of the year (Ambrose 1982, Saunders et al. 1982, 
Calder et al. 1983) and some species exhibit considerable seasonal variation in their 
habitat preferences (Kavanagh 1987). Populations of hollow-using species are affected 
by fire and drought (Lunney 1987) and the time since disturbance (Davey 1989).
Estimates for the number of hollow-bearing trees required by fauna in eucalypt forests 
range from 0.4-13 per ha (Mackowski 1984, Menkhorst 1984a, Smith and Lindenmayer 
1988, Lindenmayer et al. 1990a, Taylor and Haseler 1993, 1994a, Smith 1994, 1995). 
Many of these estimates are derived from observations of only a proportion of the 
hollow-using fauna that occur on a site. For example, the estimate of 0.4 trees with 
hollows per ha was derived for only four species of bird (Taylor and Haseler 1993). In 
the only study that has attempted to account for the complete diversity of vertebrate 
hollow-using fauna in eucalypt forest, it was estimated that 6-13 medium to large hollows 
and 12-27 small hollows per ha were required by the 70 species known to use hollows in 
the study area (Smith 1994). This equated to 6-13 hollow-bearing trees per ha (Smith 
1994). However, this estimate was based on the author’s experience, rather than 
empirical data.
The number of hollows occupied by fauna is likely to vary across the landscape. The 
distribution and abundance of hollow-using fauna may vary in response to a range of 
environmental variables including: (1) foliar nutrient levels (Braithwaite et al. 1983); (2) 
forest type (Braithwaite et al. 1983, Bennett et al. 1991); (3) soil moisture (Davey and
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Norton 1990); (4) the original number and density of hollow-bearing trees (Smith and 
Lindenmayer 1988, Lindenmayer et al. 1990a); (5) disturbance history (Braithwaite et al. 
1983, Lunney et al. 1988, Smith and Lindenmayer 1988, Davey and Norton 1990); and 
(6) tree phenology (Kavanagh 1987). To account for such variation prescriptions may 
need to be formulated at a high resolution, perhaps on a site-specific basis.
The ability of an animal to utilise resources other than tree hollows as nest sites may also 
influence prescriptions formulated for these taxa. A number of species that are generally 
considered to be hollow-dependent have been observed denning, roosting and/or nesting 
in other places such as: tree stumps (Davey 1989, Traill and Lill 1997), hollow logs 
(How 1981, Davey 1989), burrows in the ground (Kerle 1984, Lindenmayer et al. 
1991b), decorticating bark (How 1981, Strahan 1983) and artificial structures (Tidemann 
and Flavel 1987, Lumsden et al. 1994). However, such places may not suffice for a 
species at all times. For example, the Lesser Long-eared Bat (Nyctophilus geoffroyi) was 
observed roosting in a range of sites (e.g. fence posts, tractor exhausts), but lactating 
females were only observed utilising hollows in large trees (Lumsden et al. 1994). 
Alternative nesting, roosting, or denning sites may not provide a similar degree of 
protection from exposure and predation compared with hollows in trees, and therefore 
may have negative effects on survival or fecundity.
2.5 The spatial arrangement of trees with hollows retained on logged sites
The occupancy of trees with hollows may be influenced by the spatial arrangement of 
such trees in a stand. In ash-type forests of the Central Highlands of Victoria, fewer 
arboreal marsupials were recorded where potential nest trees were clumped compared 
with areas where such trees conformed to a random distribution (Lindenmayer et al. 
1990a). A number of authors attribute results of this type to the social and territorial
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behaviour displayed by a number of hollow-using species (Saunders 1979, Lindenmayer 
et al. 1990a, Nelson and Morris 1994, Krebs 1998).
A number of hollow-using species actively defend part, or all, of their home range or nest 
site. For some species (e.g. Red-tailed Black Cockatoo Calyptorhynchus magnificus), 
only the area immediately around the hollow may be defended (Saunders et al. 1982), 
and the distribution of hollow-bearing trees may not be critical. However, many species 
actively defend an area incorporating surrounding trees, in which case, hollows become 
limiting if they are not distributed accordingly. For example, Saunders (1979) observed 
that interactions between the White-tailed Black Cockatoo (C. funereus latirostris) 
resulted in nest sites being dispersed widely throughout the available habitat. Some 
animals also defend their nest site against other species (Ambrose 1982, Lindenmayer et 
al. 1990a). In the Central Highlands of Victoria, for example, less than 1% of 1125 trees 
observed to contain hollows were found to be occupied by more than one species of 
arboreal marsupial (Lindenmayer et al. 1990a).
Decisions regarding the spacing of retained trees may also be influenced by the number 
of hollows used by individuals of a species. Many hollow-using species are known to 
occupy multiple hollows. In Australian forests these include all of the arboreal 
marsupials and Microchiroptera for which data exist (Table 2.2). Such behaviour is likely 
to be common among all mammals known to utilise hollows in Australia. The reasons for 
such behaviour are unclear but may be associated with attempts to reduce burdens of 
parasites, to defend the home range, or to avoid predation (Kehl and Borsboom 1984, 
Cockbum and Lazenby-Cohen 1992, Lindenmayer et al. 1994d, Lewis 1995). Roost 
lability may also be an adaptation by fauna that use hollows which are ephemeral (Lewis 
1995). Multiple hollow occupancy also occurs among birds which construct, and defend,
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nests in proximate hollows simultaneously (Rendell and Robertson 1994, Pell and 
Tidemann 1997), or attempt to raise multiple clutches within the same season (Saunders 
1977, Krebs 1998).
Table 2.2 The number of hollows observed to be used by individuals of a sample of mammals 
that occur in forests of Australia.
Species Number of hollows 
used (over different 
periods)
Source
Common Ringtail Possum 
(Pseudocheirus peregrinus)
up to 5 (Thomson 1964)
Greater Glider (Petauroides 
volans)
2-18 (Kehl and Borsboom 1984, Norton 
1988)
Yellow-bellied Glider (Petaurus 
australis)
up to 13 (Kehl and Borsboom 1984)
Sugar Glider (P. breviceps) up to 5 (Henry and Suckling 1984)
Common Brushtail Possum 
(Trichosurus vulpecula)
4-8 (Inions 1985)
Mountain Brushtail Possum (T. 
caninus)
5-23 (Lindenmayer et al. 1996)
Eastern Pygmy Possum 
(Cercartetus nanus)
up to 9 (Ward 1990a)
Feathertail Glider (Acrobates 
pygmaeus)
several (Calder et al. 1983, Ward 1990b)
Leadbeater’s Possum 
(Gynmobelideus leadbeateri)
2-7 (Lindenmayer and Meggs 1996)
Microchiroptera several (Calder et al. 1983, Lunney et al. 
1988, Taylor and Savva 1988,
Lumsden et al. 1994)
Where an animal requires several den sites within its home range, the spacing between 
retained habitat trees cannot exceed typical home range movements. In the Central 
Highlands of Victoria, the spatial distribution of trees with hollows was typically 
clumped in clearfelled and regenerated forests, but uniform or random elsewhere 
(Lindenmayer et al. 1990c). A clumped arrangement of habitat trees has been 
recommended for reducing competition to the regenerating stand (Home 1993).
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2.6 Recruiting hollow-bearing trees on logged sites
Perpetuating hollow-bearing trees is critical for the effective management of hollow­
using fauna in logged areas. The long-term conservation of Leadbeater’s Possum 
(Gymnobelideus leadbeateri) is uncertain because of an impending shortage of hollow­
bearing trees throughout much of the species’ range (Lindenmayer et al. 1990b). Suitable 
hollows can take hundreds of years to develop (Ambrose 1982, Mackowski 1984, 
Mawson and Long 1994, Nelson and Morris 1994, Wormington 1996, Stoneman et al. 
1997). Mackowski (1984, 1987) found Blackbutt {Eucalyptus pilularis) commenced 
producing hollows from approximately 40 years of age. However, the youngest trees 
utilised by arboreal marsupials were between 144 and 194 years. Mountain Ash {E. 
regnans) trees suitable for occupancy by the Yellow-tailed Black Cockatoo 
{Calyptorhynchus funereus) were estimated to be 162-359 years of age (Nelson and 
Morris 1994). The period required for suitable hollows to form is much longer than 
logging rotations in eucalypt forests, which are typically in the range of 55-120 years 
(Lindenmayer et al. 1990c, McKinnell et al. 1991, CNR 1993, SFNSW 1994, Anon. 
1996). If the next cohort of trees with hollows is expected to come solely from logging 
regrowth, then hollow-bearing trees retained in the first cutting cycle must remain 
standing for an additional several hundred years until this resource is replaced. This may 
not occur in some forest types because: (1) of the natural longevity of many eucalypts 
(Mackowski 1984, Dyne 1992, Woodgate et al. 1994); and (2) the accelerated attrition 
rate of retained stems that may occur after some logging practices (e.g. clearfelling and 
high intensity regeneration burning) (Featherston 1983, Gibbons 1994a, Kefford 1995). 
Unless actively recruited, there is considerable potential for the number of trees with 
hollows gradually to diminish on logged sites. In selectively logged forests of north-east 
NSW, there was a significant negative association between the density of hollow-bearing 
trees and the number of logging cycles (Smith et al. 1994). Using simulation modelling,
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Ball et dl. (in press) predicted that hollow-bearing trees were not going to be perpetuated 
at desired numbers in clearfelled Mountain Ash (E. regnans) forests.
In one of the few detailed analyses conducted on recruiting hollows in eucalypts 
Mackowski (1987) first established that Blackbutt (E. pilularis) commenced producing 
hollows suitable for occupancy by possums and gliders from around 200 years of age, 
and that existing trees suitable for these species had an average longevity of a further 50 
years. It was predicted that there would be a temporal gap in the hollow resource if the 
new cohort of hollow-bearing trees were to be provided solely by post-logging 
regeneration (Mackowski 1984, 1987). To estimate the number and age of recruitment 
trees required to perpetuate the hollow resource, Mackowski (1984, 1987) calculated the 
rate of natural thinning, or mortality, of stems over the life of the stand. Coupled with 
data on hollow ontogeny, he calculated that a perpetual supply of three hollow-bearing 
trees per ha could be met by managing the forest so it always supported: four sound trees 
per ha 60-100 cm dbh; two hollow-bearing trees per ha 100-140 cm dbh; and one hollow­
bearing tree >140 cm dbh per ha. The ratio of retained trees without hollows to trees with 
hollows must therefore be maintained at approximately 4:3.
There are a number of limitations to the work undertaken by Mackowski (1984, 1987). 
Data were collected for one tree species (E. pilularis). Longevity and other demographic 
characteristics vary considerably between species and sites, so only the general 
methodology can be applied to other forest types. In mixed-species forest this procedure 
would have to be repeated for all other species in an area to be harvested. The data used 
as a basis for many of the calculations were collected at one site quality type. These data 
may vary considerably throughout the geographical range of the species (Mackowski 
1987). Mortality was estimated from thinning trajectories, or density-dependent
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mortality, in unlogged stands. Mortality among trees retained on logged sites is likely to 
be largely density-independent. Mortality estimates were deterministic: it was assumed 
that a fixed proportion of retained stems would persist for approximately 300 years. 
Many stochastic events (e.g. wildfire) can reduce the longevity of a tree.
Despite these limitations, the work by Mackowski (1984, 1987) established a number of 
important principles for successfully perpetuating trees with hollows on logged sites: (1) 
for each hollow-bearing tree retained on a site, more than one other tree must be retained 
for recruitment purposes; (2) only silvicultural systems that retain a considerable 
proportion of the stand basal area in any one harvesting event can hope to provide a 
perpetual hollow-tree resource in situ", (3) trees retained to provide hollows must be 
permanently marked for protection and monitoring during current logging operations and 
subsequent cutting cycles to ensure they are not accidentally damaged or removed; (4) 
information obtained from growth plots can provide some of the data necessary to make 
calculations for hollow-tree recruitment, although Mackowski (1987) noted that data for 
large trees were lacking.
The choice of which trees should be targeted for recruitment is also an important 
consideration. As only a small proportion of trees in the younger cohorts eventually reach 
maturity (Westoby 1984), it is essential to identify those stems most likely to survive and 
eventually to develop hollows. The process of crown segregation is a good indicator of 
which Eucalyptus trees are more likely to reach maturity, and therefore develop hollows 
suitable for occupancy by a range of fauna. Suppressed trees (i.e. those likely to be 
smaller in height and dbh, possess a weak and unbalanced crown, or a crooked stem) are 
the individuals most unlikely to persist in a stand (Florence 1996). Where suppressed 
trees do persist, they may remain as small stems, even when released from competition
21
(Florence 1996). Such trees may therefore never develop large hollows. Trees with 
growth potential, however, are also likely to be of most value in terms of wood 
production.
2.7 Protecting trees retained on logged sites
As discussed in the previous section, perpetuating hollow-bearing trees in eucalypt forest 
requires trees to remain standing for several hundred years. The environment or 
conditions to which retained trees are exposed following logging operations may reduce 
a tree's standing life (Featherston 1983, Braithwaite et al. 1984a, Gibbons 1994a), which 
may compromise the ability to perpetuate sufficient hollows for fauna. Trees retained in 
logged areas may: (1) be subject to a medium or high intensity regeneration bum; (2) 
have suffered a degree of crown or butt damage during a logging operation; (3) no longer 
be afforded protection from the wind by surrounding vegetation; (4) have experienced a 
degree of soil disturbance around the roots; and (5) be subject to attack by parasites. 
Each of these factors has been shown to predispose a tree to collapse (Fraser 1962, 
McArthur 1968, Gordon 1973, Nicholls 1974, Putz et al. 1983, Lindenmayer et al. 
1990b, Morrison and Raphael 1993, Gibbons 1994a, 1994b).
There is some evidence to suggest that mortality and collapse among retained trees may 
be a concern in eucalypt forests. In south-eastern NSW, Braithwaite et al. (1984a) 
observed 37 of 47 retained trees >60 cm dbh (24 live, 23 dead) remained standing 
immediately after logging and a subsequent wildfire. Twelve months after the fire, only 
three of the original 24 live trees >60 cm dbh had survived (Braithwaite et al., 1984a). In 
clearfelled forests in East Gippsland, Victoria, Featherstone (1983) observed 5% annual 
mortality among seed trees retained in clearfelled coupes over a five-year period. Also in 
East Gippsland, trees that had collapsed following logging were found on 64 of 68 sites
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(Gibbons 1994a). Windthrow and dieback have also been observed in forest retained 
adjacent to logged areas (Recher et al. 1987, Lindenmayer 1994). As the time frame 
involved in recruiting hollows is long, even a low annual rate of attrition among retained 
trees may impact considerably on the ability to supply hollows in perpetuity.
Savill (1983) suggested that topographic factors strongly influence the occurrence of 
windthrow of northern hemisphere species. Indeed, aspect was a significant variable 
associated with the collapse of trees retained in clearfelled coupes in East Gippsland, 
Victoria (Gibbons 1994a). Gibbons (1994a) also found that trees were more likely to 
collapse if retained on steep slopes. However, these results may be related to fire 
behaviour. Fire intensity is typically greater on northerly aspects and steep slopes 
(Cheney 1981). Logged sites are often treated with a broad-cast bum after logging 
(McKinnell et al. 1991). Trees may therefore be better protected if retained in sheltered 
parts of the landscape such as in gullies, although the drainage characteristics of the site 
may also influence tree fall (see below). However, such a strategy may result in some 
tree species on a site not being conserved such as those which more typically occur on 
mid-slopes and ridges. This may be detrimental for some animals which forage in a range 
of tree species that occur in different parts of the topographic sequence (e.g. P. australis) 
(Kavanagh 1987).
The incidence of tree-fall in logged areas may be greater where trees are retained on 
poorly drained sites. Prien and Leydolph (1974 cited in Savill 1983) found that 
windthrow was exacerbated where the felled margin of a cutting area was in a poorly 
drained location such as a gully. This is because the mechanical strength of the soil is 
reduced with higher levels of soil moisture (Fraser 1962). Wetter soils also predispose 
trees to windthrow because they do not encourage vertical root growth (Fraser 1962,
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Savill 1983). However, gullies and drainage flats represent optimum habitat for some 
hollow-using fauna in eucalypt forest (Loyn et al. 1980, Recher et al. 1980, Braithwaite 
1983, Recher et al. 1991).
The configuration of cutting areas can influence the longevity of retained trees. Wind 
speeds are, on average, higher as the density of a forest canopy is reduced or the cleared 
area increases (Alexander 1964, Miller et al. 1991, Esseen 1994). Partially cut stands are 
more susceptible to damage from windthrow during the period before the canopy has re­
closed (Savill 1983). In plantations of Monterey Pine (Pinus radiata), the severity of 
windthrow was markedly increased where stands had been thinned in the preceding five 
years (Cremer et al. 1977). However, in North America, a partially cut block of fir {Abies 
spp.) was found to suffer comparatively less windthrow than the margins of adjacent 
clearfelled areas (Gordon 1973). Whether these observations are relevant to eucalypt 
forests has not been determined.
The size of the cutting area also influences the rate of windthrow. Higher average wind 
velocities have been recorded in large clearings relative to those that are small (Miller et 
al. 1991). This may translate to a higher observed rate of windthrow among trees retained 
within the cutting unit, but not necessarily to an equivalent increase in windthrow along 
the cut margin. In North America, smaller cutting areas have been shown to sustain more 
windthrow to their margins per unit area than large areas due to greater edge to area ratio 
(Alexander 1964, Gordon 1973, Savill 1983). The shape of cutting areas also influences 
the extent of windthrow along the cutting boundary. Long, straight boundaries, and long 
boundaries with abrupt changes in direction, tend to give rise to the greatest damage (de 
Walle 1983, Savill 1983). Savill (1983) suggested that it is best to fall right up to open 
ground or permanent edges in the forest (e.g. roads), where trees will already be wind-
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firm. Windthrow may extend for a considerable distance into the uncut margin (Esseen 
1994). In the Eden area of New South Wales, Recher et al. (1987) observed that trees 
retained in corridors 40 m wide were subject to elevated rates of windthrow and dieback, 
although rates were not given. Windthrow in linear corridors in the Central Highlands of 
Victoria was twice the rate of that in contiguous forest (Lindenmayer et al. 1997a).
The rotation length may also be an important consideration for protecting retained trees 
in logging areas. The rotation period will influence the number of times a tree will be 
disturbed and exposed to changed environmental conditions during its lifetime. Future 
cutting events may increase the likelihood of collapse if factors which reduce the chances 
of tree survival (e.g. regeneration burning) are repeated each time timber harvesting takes 
place. Therefore, longer rotations or cycles may be beneficial for the survival of retained 
trees.
2.8 Silvicultural considerations relating to the retention of trees on logged 
sites
Even-aged silviculture is likely to promote temporal gaps in the hollow resource 
(Mackowski 1984, Lindenmayer et al. 1990b). Resistance by forest managers to uneven- 
aged silviculture in eucalypt forests is usually based on considerations relating to factors 
such as: (1) the ability to obtain reliable and vigorous regeneration; (2) the need to 
achieve high growth rates and, therefore, to meet long-term commitments of timber 
supply; and (3) operational health and safety considerations for forest workers.
25
Most eucalypt forests, including stands of fire-sensitive species, exhibited an uneven- 
aged structure prior to European settlement (Lindenmayer et al. 1990c, McCarthy and 
Lindenmayer 1998). In New South Wales, which contains the greatest forested area of 
any State in Australia (RAC 1992b), all of the commercial eucalypt forest types can be 
regenerated under some form of partial cutting system (LCNSW 1982, 1983a, 1983b, 
1983c, 1985a, 1985b, 1986a, 1986b). Lrom a regeneration perspective, it would seem 
that most stands have the potential to be managed as uneven-aged forest.
Reduced rates of growth among regeneration adjacent to retained trees (Incoll 1979, 
Rotheram 1983, Bi and Jurskis 1996) is considered to be one of the major silvicultural 
drawbacks of retaining habitat trees on logged sites (Home et al. 1991, Home 1993) 
(figure 2.2). For large, mature River Red Gum (E. camaldulensis), Opie (1969) found 
that the area over which retained trees suppressed regrowth extended to twice the crown 
radius. For Silvertop Ash (E. sieben), healthy 100-150 year-old trees were found to exert 
an influence over 20 to 30 year-old regrowth for a distance of up to six crown radii from 
their base (Incoll 1979). Residual mature Karri {E. diversicolor) affected the stocking 
rate of 50 year-old regrowth more appreciably than height growth or the number of 
dominant and co-dominant stems (Rotheram 1983). Such results have lead to 
prescriptions which specify that habitat trees should be retained in a clumped distribution 
(CFL 1989, Taylor 1991, Home 1993).
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"The effect of useless veterans. In all classes of virgin forest useless veterans dom inate an 
appreciable percentage of the soil. They should be elim inated as soon as possible and 
replaced by a useful crop, even coppice for firewood as in the  back round [sic.] of th is  picture. 
The veterans pu t on little  growth but dom inate the  forest in th e ir  vicinity more th an  
vigorous young m ature trees. Soon after they are killed the  soil in th e ir  vicinity supports a 
new group of seedlings efficiently."
Figure 2.2 Suppression of regrowth by mature trees has historically generated some 
resistance to retaining trees on logged sites (Source: Jacobs 1955, p. 241).
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A complete analysis of the effects of over-wood on timber yield requires consideration of 
a range of factors. Florence (1996) contended that, where sawlog production is a 
silvicultural objective, high levels of over-wood retention may not substantially affect 
yield. With respect to the study by Incoll (1979), effects of over-wood suppression were 
expressed in terms of loss of total standing wood volume among 20-30 year regrowth 
stems. Where sawlog production is the primary objective, these stands would be 
managed on rotations of approximately 80 years. Under such a management regime, 
Florence (1996) suggested that timber yield would not be affected beyond two crown 
radii from the retained over-wood tree, instead of six crown radii, as stated by Incoll 
(1979). In the investigation by Rotheram (1983) of E. diversicolor forest, a significant 
effect was not exerted over regrowth beyond 1.5 radii from the retained over-wood tree; a 
spacing Florence (1996) contended reflects an acceptable stocking rate for a forest of this 
type if managed for sawlog production. These are important considerations given that 
many harvesting operations in public native eucalypt forests are managed with sawlog 
production as a primary objective (RAC 1992a).
In the studies by Opie (1969), Incoll (1979) and Rotheram (1983), the dominant trees 
were healthy and had not entered a senescent stage. While trees retained as future 
hollow-bearing trees may be of this type, trees containing hollows suitable for a range of 
vertebrate forest fauna may be old or senescent and therefore not possess vigorous 
crowns. In forests of East Gippsland, only 11% of hollow-bearing trees retained on 
logged sites possessed a complete, or near complete, crown (Gibbons 1994a). The 
crowns of such trees will continue to degrade with time, possibly at an accelerated rate, 
as a result of factors associated with timber harvesting (e.g. exposure). In studies of E. 
regnans, Ashton (1975), observed that senescence of the crown is related to the 
progressive dieback of the root system, which translates to an accompanying reduction in
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competitive ability. In Brown Barrel (or Cuttail) (E. fastigata) forest, Florence (1996) 
observed that the diameter increment of dominant regrowth trees was not affected by 
their proximity to declining old-growth trees. Any suppression appeared to be confined to 
sub-dominant trees (Florence 1996).
It is not possible to generalise about the effects of over-wood on eucalypt regrowth due to 
variation in the ability of different species to respond to release from competition. 
Species with a physiological capacity to grow in conditions where there is intense 
competition for site resources are generally not capable of fast rates of growth (Florence 
1996). Volume increment measured in a range of dry forest types in New South Wales 
did not vary appreciably whether stands had been managed under an even-aged or 
uneven-aged silvicultural regime (Attiwill et al. 1996), i.e. these species did not possess 
the capacity to respond to release from competition by over-wood. Extrapolating the 
results from studies of intolerant eucalypts (e.g. E. sieben), to stands containing tolerant 
species, is therefore inappropriate (Attiwill et al. 1996).
Squire (1990) cited the safety of timber workers as the foremost criterion by which the 
success of a silvicultural system should be judged. The risk of personal injury to forest 
workers is increased with a number of factors, some of which relate to standing dead 
trees, or trees which are partially decayed (Crowe et al. 1984, Hope and McComb 1994). 
Trees with large, uneven crowns and crowns with dead branches, which are characteristic 
of older hollow-bearing trees in eucalypt forest (Gibbons 1994a), have been noted as 
being particular safety hazards (Houlihan et al. 1992). Other factors that pose a risk to 
occupational health and safety include increasing basal area retention and decreasing 
coupe size (Houlihan et al. 1992). Results from trials conducted in E. sieben and E. 
regnans forests in Victoria suggested that silvicultural systems which increase tree-to-
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tree contact during harvesting translate to an increased potential hazard to tree-fallers 
(Houlihan et al. 1992). Cutting regimes that result in 30-50% basal area retention are 
currently applied in forests such as those on the north coast of New South Wales and at 
high elevations in Tasmania (McKinnell et al. 1991, Florence 1996). While the safety of 
forest workers must be a paramount consideration, the extent to which partial cutting 
systems continue to be pursued suggests that the retention of trees on logged sites is 
operationally feasible in many eucalypt forest types.
2.9 Providing artificial hollows for fauna
It has been suggested that programs for the provision of artificial hollows such as nest 
boxes, may be a feasible strategy for conserving hollow-using fauna in timber production 
forests (Mawson and Long 1994). Logistic difficulties and financial costs associated with 
the provision and maintenance of nest boxes mean that such strategies are likely to be 
inappropriate on a large scale (Menkhorst 1984b, Smith and Lindenmayer 1988, 
Lindenmayer et al. 1991c). Under some circumstances, the costs of installing and 
replacing nest boxes outweigh the value of the timber generated from logging operations 
(McKenney and Lindenmayer 1994a, 1994b). Furthermore, problems such as those 
associated with the impaired insulative properties of nest boxes (McComb and Noble 
1981a) may result in artificial hollows being suitable for occupation by some species for 
only part of the year (Calder et al. 1983). There may also be a rapid deterioration in the 
condition of nest boxes necessitating the need for them to be replaced regularly (Wardell- 
Johnson 1986, Lindenmayer et al. 1991c). Harvesting practices that can only meet the 
hollow requirements of fauna by artificial means could be considered unsustainable.
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Despite these problems, nest boxes are a valuable research and monitoring tool and 
provide important information on the biology and ecology of hollow-using fauna 
(McComb and Noble 1981b, Ambrose 1982, Calder et al. 1983, Menkhorst 1984a, 
Wardell-Johnson 1986, Newton 1994, Petty et al. 1994, Soderquist 1996, Traill and Lill 
1997). Strategies of this type may also be applicable to areas with few remaining hollows 
(Suckling and Macfarlane 1983), or for programs to conserve endangered species 
(Temple 1977).
2.10 Accelerating hollow development
There may be merit in stimulating and accelerating the rate of hollow development in 
trees. Some of the techniques that have been investigated, mainly in North America, 
include: deliberate attempts to injure or kill trees; the injection of growth hormones and 
inoculation of trees with fungi; pheromone application; tree girdling; and the use of 
explosives (Sanderson 1975, Connor et al. 1981, Bull and Partridge 1986, Bull et al. 
1997). Many Australian hollow-using species require large hollows for nesting, roosting 
or denning. Hollows of such size will only develop in trees that are large (Saunders et al. 
1982, Mackowski 1987). Accelerating the hollow-development process for these species 
would also involve accelerating tree growth. For economic reasons, strategies intended to 
accelerate the development of hollows in eucalypt forests may be more appropriately 
applied at the stand-level, rather than the tree-level.
2.11 Landscape-scale factors and their relationship with tree retention 
strategies
This thesis focuses on retaining trees with hollows at the harvesting unit (or site) level. 
However, the value of retaining trees in logged areas is intimately linked with adjacent 
parts of the forest landscape. The occupancy, or recolonisation, of logged areas by fauna 
may be related to factors such as the proximity of, and connectivity to, other patches of
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suitable habitat and the ability of the target taxon to disperse from such areas (Bennett et 
al. 1994b, Fahrig and Merriam 1994, Lindenmayer and Lacy 1995). For example, a 
function of wildlife corridors is to enhance the ability of fauna to recolonise logged sites. 
However, the efficacy of corridors as a conduit for animal movements remains uncertain 
(Hobbs 1992). Corridors retained within a logged matrix support fauna populations in 
their own right (Lindenmayer et al. 1993a), but linear reserves do not represent suitable 
habitat for all species (Recher et al. 1987, Lindenmayer 1994). The value of corridors 
may also vary according to the way the matrix is logged (Lindenmayer 1994). High rates 
of collapse of trees with hollows in corridors adjacent to clearfelled forest has been 
observed (Recher et al. 1987), which may reduce the capacity of wildlife to use such 
areas (Recher et al. 1987, Lindenmayer et al. 1994b). The efficacy of tree-retention 
strategies may therefore be linked with the efficacy of other conservation strategies 
employed in multiple-use forests.
The extent to which a species occurs in the conservation reserve network may also 
influence prescriptions employed on logged sites. The principle of representativeness is 
the basis for tree-retention for wildlife purposes on logged sites in British Columbia, 
Canada. The proportion of the logged area on which trees are retained is calculated 
according to the proportion of the land unit (e.g. vegetation type) that is available for 
harvesting (Anon. 1995a). Land units that are well represented in the conservation 
reserve system are managed with fewer retained trees on logged sites than land units that 
are poorly represented in the reserve system. The extent to which a land unit has been 
previously harvested without the application of tree-retention prescriptions also 
influences this decision (Anon. 1995a). Additional planning is required if the spatial 
arrangement of logged and unlogged areas is to be considered.
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Retaining trees with hollows on logged sites may not be the most appropriate 
management action for all hollow-using species. Simulation modelling was used to 
explore the relative merits of tree-retention strategies and reservation on the long-term 
viability of Leadbeater's Possum (Lindenmayer and Possingham 1994). A key outcome of 
these analyses was that retaining trees on logged patches of forest had a positive effect on 
populations of the species, but was a less effective management strategy than 
permanently reserving some stands and growing them through to ecological maturity 
(Lindenmayer and Possingham 1994). However, the formal conservation reserve system 
cannot be considered sufficient on its own to safeguard populations of fauna in 
perpetuity (Hale and Lamb 1997). It follows that multiple-use forests in Australia are 
managed in a fashion which aims to be complementary to the formal conservation reserve 
system (Anon. 1992). Strategies employed for conserving hollow-using fauna on logged 
sites therefore have a role to play in conserving fauna poorly represented in the 
conservation reserve system (e.g. Goldingay and Possingham 1995) and maintaining 
landscape processes.
2.12 Conclusions
Hollow-using fauna have been identified as vulnerable to the effects of timber harvesting 
in eucalypt forests. Furthermore, it has been suggested that timber harvesting may have 
long-term impacts on this group. The reasons for these assessments have not been 
explored in detail, but are likely to include potential impacts by timber harvesting on the 
diversity, number and spatial arrangement of hollow-bearing trees. The age at which 
eucalypts develop suitable hollows, and potential for high rates of attrition among trees 
retained on logged sites, represent particular challenges for forest management in 
Australia, since the time-frames involved span two or more logging cycles and few 
empirical data are available to inform policy. Effective strategies for the conservation of
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hollow-using fauna on logged sites in eucalypt forests must address each of these issues.
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Chapter 3
A critique of prescriptions employed for the retention 
of hollow-bearing trees in multiple-use forests of 
eastern Australia1
Abstract
This chapter is an evaluation o f the efficacy o f prescriptions employed for the 
conservation o f hollow-using fauna on logged sites in forests o f eastern Australia. The 
hollow requirements o f eight species o f arboreal marsupial were compared with the 
nesting habitat provided by a sample o f prescriptions employed on logged sites. 
Prescriptions did not specify the types o f trees chosen for retention, despite the examined 
taxa having different requirements in this regard. It was difficult to assess whether 
sufficient numbers of hollow-bearing trees were retained, such is the lack of data, but the 
spacing o f retained trees was not congruent with the requirements o f some species. This 
was especially the case in East Gippsland, Victoria, and wet forests o f Tasmania. 
Generic prescriptions are inappropriately applied to heterogeneous areas o f forest. 
Further guidelines are required to ensure that the hollow resource will be perpetuated 
over multiple rotations. These shortcomings sometimes reflected a genuine lack o f 
available information, but it also appears that existing information has been under-
1 This chapter is a synthesis of:
Gibbons, P. and Lindenmayer, D.B. 1997. Developing tree retention strategies for hollow-using 
arboreal marsupials in the wood production forests of eastern Australia. Australian Forestry, 60(1): 
29-45.
Gibbons, P. and Lindenmayer, D.B. 1997. A review of prescriptions employed for conservation of 
hollow-using fauna in wood production forests of eastern Australia. In P. Hale and D. Lamb (eds.). 
Conservation Outside Nature Reserves. Centre for Conservation Biology, The University of 
Queensland, pp. 497-505.
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utilised when prescriptions were formulated. In some instances, prescriptions appear to 
have been poorly integrated with silvicultural systems. This critique highlighted some o f 
the data required to improve existing management practice.
3.11ntroduction
Forest management agencies in a number of countries employ strategies formulated 
specifically to mitigate the effects of timber harvesting on hollow-using fauna (Thomas 
1979, CFL 1989, Hope and McComb 1994, Anon. 1995a, NPWS and SFNSW 1996). In 
Australia, prescriptions intended to perpetuate a hollow resource are employed in all 
publicly-owned natural forests that are managed for wood production (RAC 1992a). In 
this chapter, the efficacy of habitat-tree prescriptions employed by forest management 
agencies on logged sites in eastern Australia are assessed (Table 3.1). This chapter is 
concerned with habitat-tree prescriptions implemented at the harvesting unit (or coupe) 
level, although it is acknowledged that other strategies (e.g. wildlife corridors) are also 
employed in timber production forests that will assist in the conservation of hollow-using 
fauna.
Five aspects of the prescriptions are examined: (1) the types of trees prescribed for 
retention; (2) the number of trees retained; (3) the spatial arrangement of retained trees; 
(4) the recruitment of hollow-bearing trees; and (5) the protection of retained stems. As 
part of this assessment, the habitat requirements of eight species of arboreal marsupial 
(Table 3.2) are compared with the nesting habitat provided by these prescriptions. This 
group has been chosen because they are common to most of the States examined and 
more is known about their habitat requirements than most other hollow-using taxa.
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Table 3.1. Prescriptions employed for perpetuating hollows in trees on logged sites that are 
reviewed in this chapter.
State Region Number of retained 
trees (per ha)
Criteria for choice of tree Configuration of 
retained trees
Reference
NSW Eden 6 (Good habitat mature trees with branch one in three habitat (Tanton
Management value) holes capable of being used trees to be retained in a 1994)
Area 4 (Moderate habitat for denning by arboreal habitat clump (DUAP 1995)
value) marsupials or nesting by containing other sound
2 (Low habitat value) birds or having obvious trees at different growth
potential for these purposes stages; trees to be
evenly distributed 
across cutting area
NSW Wingham 6 + recruits (old- preference for retained within evenly (Anon. 1994)
Management growth, recut and unmerchantable trees spaced clusters of
Area regrowth moist and vegetation containing
New England understorey vegetation
hardwood forest) and ground logs, but
4 + recruits (old- from which other trees
growth, recut and can be removed
regrowth dry-
hardwood forest)
NSW Kempsey 6 + recruits (moist habitat trees - live hollow- well spaced throughout (DUAP 1994)
Wauchope New England and bearing trees with potential the harvesting area, but
Management high quality dry to survive until recruitment may be adjusted to
Areas hardwood forests) trees develop hollows enable creation of large
4+ recruits (low recruitment trees - trees of canopy gaps; retained
quality dry hardwood age and condition such that within clusters of
forest) they are likely to survive and vegetation containing
develop hollows before understorey vegetation
nearby habitat trees die and ground logs, but
from which other trees
can be removed
Vic. Otway Forest 100 existing and hollow-bearing; in clusters of no more (DCE 1992)
Management potential per 10 ha > 50cm dbh than 200m apart
Area
Vic. East 5 per 15 ha older trees with hollows (or either as single trees or (CFL 1989)
Gippsland capable of developing preferably as part of a Department
Forest hollows) used as nesting small groups of trees or of Natural
Management trees for birds and arboreal near perimeters Resources
Area (General mammals and
Management Environment,
Zone only) pers. comm.
(1996)
Tas. State-wide 2-3 every 4-6 ha mature and over-mature trees within clumps of trees (Taylor 1991)
of a range of ages and Forestry
preferably adjacent to Tasmania,
advanced regrowth pers. comm.
1996
Qld State-wide 24 per 4 ha all trees must be live; the two minimum of 2 habitat (DPI 1996)
largest trees in the stand trees per ha
must be chosen; all trees to
bear hollows suitable for
animal habitat
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Table 3.2. The distributions of eight species of arboreal marsupial used to assess 
prescriptions in this chapter (data from Smith 1984).
Common name Species Distribution in Australian forest
Common Ringtail Possum 
Greater Glider
Pseudocheirus peregrinus 
Petauroides volans
Qld, NSW, Vic, Tas.
Yellow-bellied Glider Petaurus australis
Qld, NSW, Vic 
Qld, NSW, Vic
Sugar Glider
Common Brushtail Possum
Mountain Brushtail Possum
Eastern Pygmy Possum 
Feathertail Glider Aero bates pygmaeus
Petaurus breviceps 
Trichosurus vulpecula 
Trichosurus caninus
Cercartetus nanus
Qld, NSW, Vic, Tas.
Qld, NSW, Vic, Tas., WA 
Qld, NSW, Vic 
Qld, NSW, Vic, Tas.
Qld, NSW, Vic
3.2 Types of trees prescribed for retention
Types of hollows and hollow-bearing trees occupied by the eight species of arboreal 
marsupial examined in this chapter vary considerably and are summarised in Table 3.3. 
For example, the minimum entrance dimensions of occupied hollows is positively 
correlated with body weights (data from Strahan 1983) for the eight species of arboreal 
marsupial examined (Pearson correlation: r=0.81, /?=0.007). It has been suggested that 
small species may favour hollows with an entrance not much larger than their body size 
because of interspecific competition for nesting sites (Ambrose 1982), predation (Krebs 
1998) and for thermoregulatory reasons (Tidemann and Flavel 1987). Hollow selection 
may also be related to social organisation. For example, some species of microchiroptera 
may require large hollows because they roost in colonies (Lumsden et al. 1994).
While an assessment of the dimensions of hollows may be difficult to conduct by 
managers in the field, measurable characteristics of trees can provide some indication of 
their suitability for retention. The types of hollows that develop in trees appear to be 
mediated through characteristics such as tree size, tree health and tree species (Recher et
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al. 1980, Ambrose 1982, Kehl and Borsboom 1984, Lindenmayer et al. 1993b, Bennett et 
al. 1994a). For example, Mackowski (1987) found a positive relationship between 
diameter at breast height (dbh) and hollow volume in Blackbutt (Eucalyptus pilularis). In 
the Central Highlands of Victoria, certain species of arboreal marsupial showed a 
preference for trees at different stages of senescence (Lindenmayer et al. 1990a). In 
Tasmania, Manna Gum (E. viminalis) contained hollows suitable for four species of birds 
in greater proportion than its occurrence in the stand (Taylor and Haseler 1993). Despite 
these differences, only one of the reviewed prescriptions provides guidelines for the 
types of trees that should be chosen for retention (Table 3.4). In this case the guidelines 
related only to the tree species that should be selected (CFL 1989).
Only one of the reviewed prescriptions specified that dead trees with hollows should be 
retained on logged sites (Table 3.4). Such trees are used by most of the species examined 
here (Table 3.3) and are even preferred by some fauna as nesting sites (Taylor and Savva 
1988). Dead trees are also suited to retention in large numbers on logged sites because 
they represent minimal competition to logging regrowth (Shepherd 1957). However, dead 
trees should be retained only in addition to living stems due to their comparatively higher 
probability of collapse following logging (Shepherd 1957, Lindenmayer et al. 1990b). 
There are also safety considerations relevant to retaining dead trees on logged sites 
(Bloch and Murphy 1994, Chapter 2).
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Table 3.3. Reported characteristics of nest sites for eight species of arboreal marsupial 
examined in this chapter.
Species Height of hollow 
entrance above 
ground (m)
Entrance diam. 
(cm)
Depth of hollow 
(cm)
dbh. of nest 
tree (cm)
Utilises 
hollows in 
dead 
trees?
Pseudocheirus
peregrinus
41
31 ± 8 2
6.5-81 >203 20-1434 No data
Petauroides volans 11 ± 25 
40 ± 3 2
8g
18 ± 37
287 >1007 
54 ± 148 
62 ± 159 
80-200'°
Yes7-10’" ’
1 2 , 1 3 ,
Petaurus australis 44 ± 62 
25-3022
i i ' s 13016 184'4
80-200'°
90-22022
Yes1». '5
Petaurus breviceps 81
31 ± 4 2
3 -7 6 
3.5-5 16
6-70’7 3Ö->20Ö10
120-190'6
Yes10’15
Trichosurus vulpecula >6H > iö 's
9 or 126
favoured deep 
nest boxes19
20-M34 
55 and 15512
Yes20
Trichosurus caninus 24 ± 22 12 or156 286 No data Yes'5
Cercartetus nanus No data 1.5x10' 29' No data No data
Acrobates pygmaeus i.5-81 
27 ± 7 2 
12-3414
3-151 
4.5 -3016
i 0-210 W 40-2002' No data
Notes:
1 Menkhorst (1984b) - review of nest box studies conducted throughout Australia
2 Lindenmayer et al. (1990a) - montane ash forests of Central Highlands of Victoria
3 Calder et al. (1983) - nest box study in central Victoria
4 Inions (1985, Inions et al. 1989) - combined data for T. vulpecula and Western Ringtail Possum (P. 
occidentals) collected in Jarrah (£. marginata) and Marri (£. calophylla) forests of Western Australia
5 Kehl (1984) - Broad-leaved White Mahogany (E. umbra) dominated forest, south east Queensland
6 Menkhorst (1984a) - nest box study in Gippsland, Victoria
7 ABRG(1984)
8 Kehl and Borsboom (1984) - E. umbra
9 Kehl and Borsboom (1984) - Forest Red Gum (E. tereticornis)
10 Davey (1989) - near Bateman's Bay, south east NSW
11 Griffith (1973)- north east NSW
12 Lindenmayer et al. (1990a) - montane ash forests, Central Highlands of Victoria
13 Truyard (1992) - north east NSW
14 Mackowski (1987) - E. pilularis, north east NSW
15 Lindenmayer et al. (unpublished data) - montane ash forests, Central Highlands of Victoria
16 Mackowski (1987) - most hollow entrances were within this range, although hollows with an entrance 
diameter of up to 24cm were utilised
17 Mackowski (1987) - most were within this range, although hollows with depth of up to 270cm were 
utilised
18 Winter (1976)
19 Ambrose (1982) - results from nest box study
20 Owen (1965)
21 Mackowski (1987) - most were 40-80cm dbh
22 Craig (1985) - Central Highlands, Victoria
40
Table 3.4. Guidelines given in current prescriptions for the types of hollow-bearing trees to 
be chosen for retention.
State R egion H ollow  size Tree size Tree
sp ecies
D ead trees 
retained
N SW Eden M anagem ent Area N o N o N o N o
W ingham  M anagem ent Area N o N o N o N o
K em psey W auchope M anagem ent 
Areas
N o N o N o N o
T enterfield M anagem ent Area N o N o N o N o
V ic. O tw ay Forest M anagem ent Area N o N o Y es Y es
East G ippsland Forest M anagem ent 
Area
N o N o Y es N o
Tas. State-w ide N o N o N o N o
Q ld State-w ide N o N o N o N o
3.3 The number of trees chosen for retention
Many studies have found the diversity and abundance of hollow-using fauna to be 
positively associated with the number of available hollows (Scott 1979, Calder et al. 
1983, Mackowski 1984, Smith and Lindenmayer 1988, Lindenmayer el al. 1990a, 1991a, 
1993a, 1994a, Newton 1994). However, the threshold below which hollows become 
limiting to all hollow-using fauna has not been determined. Without information on the 
minimum number of trees with hollows required by fauna in different forest types, it is 
not possible to examine the efficacy of present prescriptions in this regard.
Nevertheless, it is important that factors influencing the number of trees occupied by 
hollow-using fauna are taken into consideration when prescribing retention levels. The 
full range of hollow-using taxa that occupy a site should be considered when retaining 
hollow-bearing trees. Some prescriptions appear to be formulated for one or two 
taxonomic groups such as arboreal marsupials (e.g. Mackowski 1984, SFNSW 1994). 
Tree retention rates formulated for arboreal marsupials alone could be inadequate for all
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hollow-using species. For example, hollows used by arboreal marsupials accounted for 
38% of the total number of artificial hollows occupied by vertebrate fauna in central 
Victoria (Calder et al. 1983). Prescriptions must also reflect the observation that many 
species use several hollow-bearing trees within their home range (Gibbons and 
Lindenmayer 1997b). Such behaviour may be related to factors such as reducing parasite 
burdens, thermoregulation, predation or home range defence (Kehl and Borsboom 1984, 
Cockbum and Lazenby-Cohen 1992, Lewis 1995).
While many studies have identified the number of hollows used by different species, only 
one study in eucalypt forest has estimated the total demand likely to be placed on the 
hollow resource in any single area. This study took into consideration the full suite of 
species that utilise hollows in a region of north-east NSW, their population density, the 
types of hollows they use and the occurrence of these hollows in trees, the number of 
hollows an individual will occupy, territorial behaviour and the extent to which trees 
with hollows are likely to be co-occupied As mentioned in Chapter 2, Smith (1994) 
estimated that 6-13 medium to large hollows per ha and 12-27 small hollows per ha, on 
average, would be required by the 70 species of vertebrate hollow-using fauna that 
occurred in his study area. This equated to a requirement for 6-13 trees with hollows per 
ha (Smith 1994). Forests in north-east NSW have been managed with a retention rate of 
4-6 trees with hollows per ha (Table 3.1), which has recently been changed to 5 per ha 
(NPWS and SFNSW 1996).
The number of hollow-bearing trees that need to be retained may vary across the forested 
estate. The distribution and abundance of hollow-using species varies in response to a 
range of environmental variables such as forest type (Braithwaite 1983, Braithwaite et al. 
1988), structural attributes (Lindenmayer et al. 1990a, 1994b), foliar nutrient levels
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(Braithwaite et al. 1984b, 1989, Cork and Catling 1996) and disturbance history (Lunney 
1987, Davey 1989). Generic prescriptions applied across heterogeneous areas of forest 
may therefore be inappropriate. Only in NSW have prescribed levels of hollow-tree 
retention varied with changes in habitat value for hollow-using fauna (Table 3.5).
Table 3.5. Regional variation in prescribed levels of tree retention.
S ta te R e g io n  (d a te  o f  
p r e s c r ip t io n  in  b ra c k e ts )
T re e s  
r e ta in e d  
(p e r  h a )
H a b ita t  ty p e
N S W E d e n  M a n a g e m e n t  A re a 6 g o o d  h a b i ta t  v a lu e  (d e f in e d  b y  fo re s t  ty p e s )
( 1 9 9 5 )
4 m o d e r a te  h a b i ta t  v a lu e  (d e f in e d  b y  fo re s t  ty p e s )
2 lo w  h a b i ta t  v a lu e  (d e f in e d  b y  fo re s t  ty p e s )
W in g h a m  M a n a g e m e n t  
A re a  ( 1 9 9 3 )
6 o ld -g ro w th ,  r e c u t  a n d  r e g ro w th  m o is t  a n d  N e w  E n g la n d  
h a rd w o o d  fo re s t
4
o ld -g ro w th ,  r e c u t  a n d  r e g ro w th  d r y - h a r d w o o d  fo re s t
K e m p s e y  W a u c h o p e  
M a n a g e m e n t  A re a s  
(1 9 9 4 )
6
4
m o is t  N e w  E n g la n d  a n d  h ig h  q u a li ty  d ry  h a rd w o o d  
fo re s ts
lo w  q u a li ty  d ry  h a rd w o o d  fo re s t
T e n te r f ie ld  M a n a g e m e n t  
A r e a (1 9 9 5 )
6 d ry  h a rd w o o d  fo r e s t  w ith  a  s ta n d  h e ig h t  > 3 0 m , o r  a  m e s ic  
u n d e r s to re y  a n d  m o is t  h a rd w o o d  fo r e s t  w i th  a  m e s ic  
u n d e r s to re y
4
d ry  h a rd w o o d  fo r e s t  < 3 0 m  s ta n d  h e ig h t  o r  m o is t  
h a rd w o o d  fo re s t  w ith  a  x e r o m o r p h ic  u n d e r s to re y
V ic . O tw a y  F o re s t  
M a n a g e m e n t  A re a  
( 1 9 9 2 )
5 a ll  fo re s t  ty p e s
E a s t  G ip p s la n d  F o r e s t  
M a n a g e m e n t  A re a  
(G e n e ra l  M a n a g e m e n t  
Z o n e )  ( 1 9 9 6 )
0 .3 a ll fo re s t  ty p e s
Q ld S ta te - w id e  (1 9 9 6 ) 6 a ll fo re s t  ty p e s
T a s . S ta te -w id e  (1 9 9 6 ) 0 .3 -0 .7 5 d ry  fo re s t
n o  se t  
f re q u e n c y
w e t  fo re s t
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3.4 The spatial arrangement of retained trees
Logging has been predicted to affect populations of hollow-using fauna by changing the 
spatial arrangement of hollow-bearing trees. In forests where hollow-bearing trees are 
clumped, the occupancy rate of hollows is less than where such trees are retained in a 
more even, or random, distribution (Saunders 1979, Smith and Lindenmayer 1988, 
Lindenmayer et al. 1990a, Nelson and Morris 1994). This can be attributed to the social 
and territorial behaviour exhibited by a number of hollow-using taxa (Saunders 1979, 
Ambrose 1982, Krebs 1998). Contrary to these findings, prescriptions employed in 
Victoria and Tasmania specified that trees with hollows should be retained in clumped 
distributions (Table 3.1).
The distance between hollow-bearing trees must not exceed typical home range 
movements for species that occupy several nest sites. Home range estimates, and the 
number of nest trees used by species within their home range, have been used to calculate 
the distance likely to occur between nest trees for seven species of hollow-using arboreal 
marsupials (Table 3.6). The distance likely to occur between hollow-bearing trees 
retained on logged sites under these prescriptions has also been calculated (Table 3.7). 
From these data it can be seen that the prescriptions employed in NSW and Queensland 
result in hollow-bearing trees being spaced at 40-70m intervals. The exception would 
occur if the Gaps and Clusters silvicultural system proposed for NSW (Home 1993) were 
implemented. Guidelines in Home (1993) prescribed the spacing between clusters of 
such trees to be approximately 200m. The prescriptions reviewed from Victoria would 
result in hollow-bearing trees being spaced at >170m. intervals. For prescriptions applied 
in Tasmania, the distance between hollow-bearing trees may be as
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Table 3.6. The estimated distances between nest trees used by seven species of arboreal 
marsupials.
Species Number of nest trees 
used within home 
rangeA
Home range (ha)A Estimated nest trees 
used per haB
Estimated spacing 
of nest trees (m)c
Pseudocheirus peregrinus up to 5 0.07-1.9 3-71 12-58
Petauroides volans 2-18 0.8-4 0.5-23 21-141
Petaurus australis up to 13 30-70 0.2-0.4 158-224
Petaurus breviceps up to 5 0.5-5 1-10 32-100
Trichosurus vulpecula 2-8 0.7-11 0.2-11 30-224
Trichosurus caninus up to 13-23 5-7 2-5 45-71
Cercartetus nanus up to 9 0.2-1.7 5-45 15-45
Notes:
AData from: (Thomson 1964, Suckling 1980, Calder et al. 1983, Henry and Craig 1984, Kehl and Borsboom 
1984, Inions 1985, Norton 1988, Ward 1990a, Ward 1990b, Lindenmayer et al. 1996)
B Assumes a continuous area of habitat that can be occupied by the species.
c Assumes an even spacing of such trees. Calculated using the equation V10000 / n where n = number of 
nest trees utilised per ha.
Table 3.7. Spacing of retained hollow-bearing trees under prescriptions reviewed in this 
chapter.
State Region Number of 
retained trees (per 
ha)A
Configuration of retained 
treesA
Approximate spacing of trees 
(m)B
NSW Eden Management 
Area
2-6 spaced as evenly as possible 40-70 (if evenly distributed)
NSW Wingham 
Management Area
4-6 retained within evenly 
spaced clusters of vegetation
40-50 (if evenly distributed)
NSW Kempsey Wauchope 
Management Areas
4-6 well spaced throughout the 
harvesting area, but may be 
adjusted to enable creation 
of large canopy gaps
40-50 (if evenly distributed)
up to 200 (if canopy gapped 
(Home 1993)
Vic. Otway Forest 
Management Area
100 existing and 
potential per 10 
ha
in clusters of no more than 
200m apart
<200
Vic. East Gippsland Forest 
Management Area 
(General Management 
Zone)
5 per 15 ha either as single trees or 
preferably as part of a small 
groups of trees or near 
perimeters
170 (if evenly distributed)
Qld State-wide 24 per 4 ha minimum of two trees per ha 40 (if evenly distributed) 
70 (if retained at 2 per ha)
Tas. State-wide 2-3 every 4-6 ha within clumps of trees of a 
range of ages no more than 
200m apart
115-170 (if evenly distributed) 
200 (if clumped)
A See Table 3.1 for sources.
B Assumes an even spacing of such trees. Calculated using the equation V10000 / n where n = number of 
trees (or clumps of trees) retained per ha.
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high as 200m. Comparing these data with those in Table 3.6, it can be seen that the 
spacing of retained trees in some areas exceeds the typical home range movements of 
some of the species examined. This is particularly apparent for prescriptions applied in 
Victoria and Tasmania.
3.5 Recruiting trees with hollows on logged sites
As outlined in Chapter 2, the time required for eucalypts to form hollows suitable for 
occupancy by vertebrate fauna usually exceeds the period of the logging rotation. For 
example, Mackowski (1984, 1987) found that E. pilularis began developing hollows 
suitable for occupancy by arboreal marsupials between 144 and 194 years of age, and did 
not produce hollows suitable for larger hollow-using species until 224 years of age. 
Similarly, in Mountain Ash (E. regnans) forest of the Central Highlands of Victoria, the 
youngest nest tree occupied by the Yellow-tailed Black Cockatoo (Calyptorhynchus 
funereus) was estimated to be 162 years of age (Nelson and Morris 1994). Wood 
production eucalypt forests are typically managed on rotations shorter than this period 
(Lindenmayer et dl. 1990b, SFNSW 1994, CNR 1993) (see Chapter 2). Trees of various 
ages must therefore, be retained on logged sites to perpetuate the hollow resource.
While most prescriptions identify the need to retain trees of different ages for the 
purposes of recruitment, few provide guidelines for the number and types of trees that 
should be retained (Table 3.8). Vague guidelines are given in some of the prescriptions 
employed in NSW. For E. pilularis it was calculated that a supply of three hollow­
bearing trees per ha could be perpetuated by managing the forest so it always supported 
four sound trees per ha of 60-100cm dbh, two hollow-bearing trees per ha of 100-140cm 
dbh and one hollow-bearing tree per ha > 140cm dbh (Mackowski 1984, 1987), i.e. a ratio 
of three extant hollow-bearing trees to four potential hollow-bearing trees. While the data
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collected by Mackowski (1984, 1987) are not transferable to other forest types, the study 
indicated that only silvicultural systems that retain a considerable stand basal area will 
supply a perpetual hollow resource in situ. Only two of the eight prescriptions examined 
provide specific guidelines regarding the number of recruitment trees that should be 
retained. Both of these prescriptions specify a ratio of 1:1, which assumes that there will 
be no mortality among recruitment stems.
Table 3.8. Guidelines provided in prescriptions for recruiting hollow-bearing trees.
State R egion Recruitm ent 
trees to be 
retained?
G uidelines g iven  for num ber o f  
recruitment trees (ratio o f  extant 
hollow -bearing trees to  
recruitment trees in brackets)
G uidelines for  
se lection  o f  
recruitm ent trees
N S W Eden M anagem ent Area  
(1 9 9 5 )
Y es N o sound trees
W ingham  M anagem ent 
A r e a (1 9 9 3 )
Y es N o unm erchantable
stem s
K em psey W auchope  
M anagem ent Areas 
(1 9 9 4 )
Y es N o N o
Tenterfield  
M anagem ent Area  
(1 9 9 5 )
Y es N o N o
V ic . O tw ay Forest 
M anagem ent Area  
(1 9 9 2 )
Y es Y es (1:1) N o
East G ippsland Forest 
M anagem ent Area 
(1 9 9 3 )
N o N o N o
Q ld State-w ide (1 9 9 6 ) Y es Y e s (1:1) N o
Tas. State-w ide (1 9 9 1 ) Y es N o N o
The data required to ensure that the hollow resource will be perpetuated at the desired 
level are not available for most forest types. Data on tree growth have historically been 
collected with wood production being the sole objective. Growth rates in eucalypts 
culminate well before hollows form, so the data collected, and the models used to predict 
growth, generally do not extend beyond 100 years (e.g. West 1981) - which is shorter 
than the period required for suitable hollows to form. Age estimates for many eucalypt
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species are also difficult to obtain because annual growth rings are not produced by trees 
in many Australian climates and older trees lack material that can be carbon-dated 
(Turner 1984).
3.6 Protecting trees retained on logged sites
In order to perpetuate hollows on logged sites in eucalypt forest, retained trees must 
remain standing for considerable periods of time - perhaps several hundred years - before 
recruitment occurs. The conditions to which retained trees are exposed following logging 
operations may reduce a tree’s standing life (Morrison and Raphael 1993, Gibbons 
1994a, Lindenmayer et dl. 1997a) and compromise the tree's potential to perpetuate 
hollows on logged sites. However, there are few studies which have examined the rate of 
mortality and collapse among trees retained on logged sites in eucalypt forest. Such data 
are urgently required.
In East Gippsland, Victoria, high-intensity regeneration burning affected the attrition of 
trees retained on logged sites (Gibbons 1994a). Most prescriptions provided guidelines 
for protecting habitat trees, particularly from regeneration burning (Table 3.9). These 
guidelines included the use of low intensity burning and removing logging slash from the 
base of individual trees. Notable exceptions were prescriptions applied in the Central 
Highlands of Victoria, East Gippsland and the wet forests of Tasmania, where no 
guidelines were stipulated for protecting retained trees. Clearfelling followed by high 
intensity regeneration burning is the predominant silvicultural system in these forests. In 
a simulation of trees with hollows on logged sites in the Central Highlands of Victoria, 
all trees with hollows were unlikely to persist for the term of the rotation (Ball et al. 
1996, in press).
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Table 3.9. Guidelines given in prescriptions for protecting habitat trees from fire.
S ta te R e g io n G u id e lin e s  g iv e n  fo r  p ro te c tin g  
h a b ita t  tre e s  f ro m  fire
N S W E d e n  M a n a g e m e n t A re a  (1 9 9 5 ) Y es
W in g h a m  M a n a g e m e n t A re a  (1 9 9 3 ) N o
K e m p s e y  W a u c h o p e  M a n a g e m e n t A re a s  (1 9 9 4 ) Y es
T e n te r f ie ld  M a n a g e m e n t A re a  (1 9 9 5 ) Y es
V ic . O tw a y  F o re s t  M a n a g e m e n t A re a  (1 9 9 2 ) Y es
E a s t G ip p s la n d  F o re s t  M a n a g e m e n t A re a  (1 9 9 3 ) N o
Q ld S ta te -w id e  (1 9 9 6 ) N o
T as. S ta te -w id e  (1 9 9 1 ) Y es
Alternatives to high-intensity regeneration burning should be investigated. The foothill 
and lowland forest types in East Gippsland, for example, regenerate reliably with a low- 
intensity post-logging bum or mechanical disturbance (Gibbons, pers. obs.). Indeed, a 
low-intensity bum is used for comparable forest types in the adjacent Eden Management 
Area (SFNSW 1994). High-elevation forest dominated by Brown Barrel (or Cuttail) (E. 
fastigata), Errinundra Shining Gum (E. denticulata) and Messmate (E. obliqua) does not 
regenerate reliably in East Gippsland with the application of a high intensity slash bum 
(CNR 1993, Ferguson et al. 1996). Shelterwood systems and mechanical site disturbance 
have replaced clearfelling and high-intensity burning in Alpine Ash (E. delegatensis) 
forests of Tasmania for this reason (Ellis and Lockett 1991). Results from the 
Silvicultural Systems Project in the Central Highlands of Victoria indicated that adequate 
E. regnans regeneration was achieved on mechanically disturbed sites where over-wood 
was retained (Walters 1991). These sites have traditionally been treated with high- 
intensity post-logging fire.
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3.7 Conclusions
Prescriptions employed to mitigate the effects of logging on hollow-using fauna are 
deficient in a number of areas. Guidelines regarding the types of trees that should be 
chosen for retention are effectively absent despite these data being available for some 
taxa. It is difficult to assess the efficacy of prescriptions with respect to the number of 
retained trees with hollows. The available data are based on individual species or 
taxonomic groups. Hollows are most likely to be a limiting resource when all taxa are 
considered. The distance between hollow-bearing trees that will occur after the 
application of some prescriptions exceeds the typical home range movements of some of 
the taxa examined. Hollow-bearing trees are unlikely to be perpetuated under current 
management practice. There are neither guidelines for the types, nor number of trees that 
should be retained for recruitment purposes. Furthermore, attrition rates of retained trees 
have not been factored into prescriptions, despite evidence to suggest that mortality and 
windthrow are a potential problem in certain silvicultural systems (Featherston 1983, 
Braithwaite et al. 1984a, Wapstra and Taylor 1998).
There are five key areas for which data are urgently required in order to implement 
effective strategies for the conservation of hollow-using fauna on logged sites: (1) 
whether the selection of trees for retention will have a bearing on occupancy; (2) the 
number of trees with hollows that are required for all hollow-using fauna that occur in an 
area; (3) hollow formation in eucalypts; (4) the mortality of trees retained on logged 
sites; and (5) requirements that must be met in order to perpetuate the hollow resource on 
logged sites. Each of these issues is addressed in the following chapters.
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Chapter 4
Factors influencing the occupancy of hollows
Abstract
Factors influencing the occupancy o f hollows in trees by vertebrate fauna were 
investigated in net loggable native forest in south-eastern Australia. A total o f 472 
natural hollows was examined in trees felled as part o f timber harvesting operations. 
Occupancy was determined from the presence o f nesting material, hair, scats, pellets, 
feathers or wear around the entrance o f the hollow. Evidence o f prior occupancy was 
detected in 43% o f all hollows. The significant variables in a logistic regression model 
predicting hollow occupancy were depth below the entrance o f the hollow and width o f 
the hollow at half depth. Other significant variables included entrance width, branch 
diameter and hollow wall thickness. Unoccupied hollows were typically shallower and 
narrower than occupied hollows, suggesting that a large proportion o f these were 
unsuitable for occupancy, although there was some overlap in the dimensions o f 
occupied and unoccupied hollows. Nevertheless, a considerable proportion o f hollows in 
trees visible from ground-level will not be suitable for occupancy by vertebrate fauna. As 
such, guidelines for the retention o f suitable hollows or hollow-bearing trees should be 
included in habitat-tree prescriptions employed on logged sites.
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4.11ntroduction
A low occupancy rate of natural hollows by vertebrate fauna has been observed in a 
number of studies (Edington and Edington 1972, McComb and Noble 1981a, Saunders et 
al. 1982, Lindenmayer et al. 1991a). It is unclear whether such results indicate that the 
hollow resource is in excess, or that a small proportion of all natural hollows are suitable 
for occupancy. Indeed, different species utilise hollows with different characteristics. 
The entrance width, internal width, depth, height above ground and entrance orientation 
of hollows have all been found to influence occupancy (Pinkowski 1976, McComb and 
Noble 1981a, Nilsson 1984, Haseler and Taylor 1993). Factors other than hollow 
dimensions also influence occupancy, such as the density of competing hollow-using 
fauna in an area, or the location of hollow-bearing trees in the landscape (McComb and 
Noble 1981a, Saunders et al. 1982, Lindenmayer et al. 1990a, 1993a).
Logistical constraints are a major impediment to research on the use of hollows by fauna. 
Hollows in trees are difficult to access and hollow-using fauna are often cryptic. 
Considerable research has been undertaken using artificial nest boxes in an attempt to 
overcome these problems (Munro and Rounds 1985, Wardell-Johnson 1986, Pell and 
Tidemann 1997). Although nest-box research has made a major contribution to the 
understanding of hollow-using, it can be difficult to use the results of these studies to 
determine the range of natural hollows a particular species will use or the rate at which 
natural hollows are occupied. This is because a narrow range of nest-box dimensions has 
typically been tested and these studies can become confounded when other natural nest 
sites are available (Newton 1994). There have been many studies on the use of natural 
hollows by fauna, but few have included observations of internal dimensions. Where the 
internal dimensions of hollows have been measured, they have been found to have a
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major effect on hollow selection (Pinkowski 1976, Saunders et al. 1982, Haseler and 
Taylor 1993).
Braithwaite (1984a) and Mackowski (1987) examined hollows in trees felled as part of 
timber harvesting operations as a way to overcome the problems outlined above. Their 
method was adopted in this study to examine factors that influence the occupancy of 
natural hollows by vertebrate fauna in eucalypt forests of south-eastern Australia. The 
following were specifically examined: (1) What physical dimensions of hollows 
influence occupancy? (2) Is there any partitioning among hollows occupied by different 
species? (3) What proportion of hollows in natural forest are suitable for occupancy? The 
implications of the results for the conservation of hollow-using fauna in wood production 
forests are discussed.
4.2 Methods
Study Area
The study was in mixed-species eucalypt forests of East Gippsland, Victoria and south­
eastern New South Wales, Australia (36°50,-37°50,S and 148o20’-150°00’E) (Figure 
4.1). Undulating plateaux at about 1000 metres in the northern part of the study area give 
way to steeply dissected ridges running generally north-south down to an elevation of 
300 metres. Most of this region is public land where timber production is one of the 
predominant land uses (CNR 1993, SFNSW 1994).
The study area lies within the same "environmental province" defined on the basis of 
similarities in climate, terrain and substrate attributes (Richards et al. 1990). Sampling 
was restricted to one forest type within this province. This forest type was the Damp 
Forest Ecological Vegetation Class of Woodgate (1994). It extends into south-eastern
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NSW where a close synonym is the Messmate-Brown Barrel League of FCNSW (1989). 
The tree species that dominate this forest type are: Brown Barrel (or Cuttail) {Eucalyptus 
fastigata), Messmate {E. obliqua) and Mountain Grey Gum (E. cypellocarpa). Other 
eucalypts recorded were: Gippsland Peppermint (E. croajingolensis) (formerly E. radiata 
sp. aff.), White Stringybark (E. globoidea), Yellow Stringybark (E. muelleriana) and 
Errinundra Shining Gum {E. denticulata) (formerly E. nitens sp. aff.). This vegetation 
type supports a relatively uniform assemblage of hollow-using birds and arboreal 
marsupials (Braithwaite 1983, Braithwaite et al. 1988, Recher et al. 1991, CNR 1993, 
SFNSW 1994). It also represents an important timber resource (CNR 1993, SFNSW 
1994).
Stratification
The study area was stratified according to geology, precipitation, and dominant eucalypt 
species. This was done in an attempt to sample the range of environmental variation that 
may influence the occupancy of hollow-bearing trees within the study area. Sampling 
was confined to the two dominant geological substrates: Devonian granitoids and 
Ordovician sediments. Geology influences the nutrient status of soils in the region (Kelly 
and Turner 1978) which, in turn, may influence tree growth, vegetation composition and 
the distribution of arboreal marsupials (Kelly and Turner 1978, Braithwaite et al. 1984b, 
Florence 1996). Sampling was also based on estimates for mean annual precipitation 
generated using the climate prediction system, ESOCLIM (McMahon et al. 1995). Mean 
annual precipitation was divided into three classes (980-1060mm, 1061-1300mm and 
1301-1500mm), which were similar in their extent across the study area. In northern 
Victoria, mean annual precipitation was correlated with the number of hollows-bearing 
trees that occurred in different parts of the landscape (Bennett et al. 1994a).
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Figure 4.1. The study area. The shaded section represents a predicted mean annual 
precipitation of 980-1500 mm, which delimits the maximum geographical limits of the area 
sampled. Sampling space is further limited by geology and vegetation type (see text).
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Finally, sampling was further divided between forest dominated by different eucalypt 
species. Forest association was a significant variable in studies on the distributions of 
arboreal marsupials in the region (Braithwaite et al. 1988). An agglomerative, 
hierarchical clustering procedure was used to identify the divisions within the broader 
ecological vegetation class/forest league from counts of tree species in 45, 0.2ha 
unlogged plots. These plots were located according to the same stratification protocol 
detailed above, but with additional stratification by topographic position (because plots 
were not large enough to straddle the different classes). There were 21 strata occurring in 
environmental space, with at least two plots established in each. The two major forest 
types identified using this procedure were: E. fastigata-dominant and E. obliqua/E. 
cypellocarpa-dominant.
Sampling of hollows in felled trees occurred on recently logged sites, each < 40 ha. 
Sampling was confined to sites that had little or no prior harvesting history (some old cut 
stumps were found on one site). This was to minimise the effects of disturbance by past 
logging on fauna densities and the number and types of hollow-bearing trees on sites. At 
least one plot was located in each of the eight strata occurring in environmental space 
within the study area, but sampling was not balanced across all strata because of limited 
numbers of recently logged sites in suitable areas and because different numbers of trees 
were sampled at each coupe (ie. coupes were not of equal size). All stratification 
variables were included as covariates in the anlayses. These were not significant 
suggesting that the unbalanced nature of the design had little consequence to the results.
Examination of hollows
Hollow-bearing trees felled as part of logging operations were randomly located at each 
of the logged sites (ie. there was no stratification by tree-level variables such as dbh or
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tree species). After a short pilot study it was decided that an unbiased sample of hollows 
could only be achieved in the Victorian part of the study area. This was because the 
silvicultural system in south-eastern NSW involved: (1) the utilisation of sections of trees 
with hollows for woodchipping, and (2) the retention of a considerably higher number of 
trees with hollows for habitat purposes. Trees were randomly located by taking a 
compass bearing from a table of random numbers between one and 360. Every tree 
crossed on this bearing was searched until a tree with at least one hollow was located. 
Subsequent trees were located by repeating the procedure until complete coverage of the 
coupe was achieved. All sampling occurred between March 1996 and December 1996.
Hollows with a minimum entrance width >2 cm, >5 cm in depth and >3 m above 
ground were measured and examined for evidence of occupancy. Hollows in the butt of 
trees were not sampled. A chainsaw was used to dissect deep hollows. Nesting material, 
hair, feathers, scats and eggs were collected for identification. Wear from animals 
repeatedly entering and exiting a hollow was noted. Trees were not sampled if the cut 
stump could not be measured (e.g. because it was buried under logging debris), or the 
crown had been damaged by logging machinery. Dead hollow-bearing trees (stags) were 
not examined because they frequently disintegrated if felled, or pushed by machinery 
during logging operations. Trees were not completely dissected, so any hollows on the 
underside of the bole (i.e. that part of the tree in contact with the ground) were not 
examined. A list of variables measured for each hollow is provided in Table 4.1.
Potential sampling bias
As sampling was restricted to hollow-bearing trees felled as part of logging operations, 
there was potential for the sample to be biased because: (1) some hollow-bearing trees 
are retained on logged sites; and (2) certain parts of the landscape, e.g. major drainage
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lines and slopes >30 degrees, are not logged. Potential for bias was tested by comparing 
the mean dbh of hollow-bearing trees sampled on logged sites with the mean dbh of 
hollow-bearing trees sampled on unlogged sites.
Table 4.1. Variables measured for each of the hollows observed in felled trees.
V ariab le D efin ition
en trance w id th the sm allest d im ension  o f  the en trance to the ho llow  (cm )
w id th  at h a lf  dep th the sm allest internal d im ension  o f  the ho llow  at h a lf  dep th  (cm )
access w id th the sm aller o f  m in im um  entrance w id th  and w id th  at h a lf  dep th  (cm )
depth vertical o r horizontal d istance from  the base  o f  the en trance to the bo ttom  o f  
the ho llow  (cm )
branch  d iam eter b ranch  d iam eter m easured  h a lf  w ay  betw een  the en trance and  base o f  the 
ho llow  (cm )
w all th ickness total ho llow  w all th ickness ca lcu la ted  as d iam eter o f  b ranch  a t h a lf  dep th  
m inus m in im um  w id th  at h a lf  dep th  (cm )
branch  o rder assigned  using opposite  o rdering  system  w here the m ain  stem  is firs t o rder, 
p rim ary  branches are second  order, etc.
b ranch  health assigned  one o f  th ree classes: liv ing, part dead, dead
height d istance from  ho llow  en trance to the base o f  the tree (m )
occup ied
species occupying  
ho llow
w hether the ho llow  show ed  signs o f  being  occup ied  or no t
taxon  determ ined  to have occup ied  ho llow  from  either hair, fea thers, scats, 
nesting  m ateria l o r pellets
Fauna identification
Animals occupying hollows were identified from hairs, feathers, scats, nesting material 
or from a combination of these. Hairs and scats were identified by B. Triggs, Genoa, 
Victoria, Australia. Nests were identified using descriptions in Fanning (1980), Ambrose 
(1982), Calder (1983), Menkhorst (1984a), Ward (1990a, 1990b), Duncan (1995) and 
Soderquist (1996). Feathers were identified by H. Nix, Centre for Resource and 
Environmental Studies, The Australian National University, Canberra, Australia and R. 
Shodde and J. Wombey, the National Wildlife Collection, CSIRO, Canberra, Australia.
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Statistical analysis
The relationship between the occupancy of hollows (occupied or unoccupied) and a 
range of variables measured for hollows and trees was investigated using logistic 
regression modelling (McCullagh and Neider 1989). The proportion of hollows occupied 
(p) was predicted from the variables listed in Table 4.2 using the general model:
logit {p) = \0g(p/\-p) =ß0 +ß\X\ +ß2x2 + . ..+ A * n
Where x1? x2, ... xn are the independent explanatory variables and ßo, ß\,  ... ß u the 
regression coefficients for the nth explanatory variable. The procedures used for 
selecting variables for the model and conducting diagnostic tests are described in 
Nicholls (1989). A generalised linear model can only be specified with one error term. 
As the data in this study was collected in a hierarchical fashion (hollows in trees on sites 
within strata), each level was tested for significance to ensure the model could be 
specified with one error term. None of these levels was significant.
The dimensions of hollows occupied by different species were investigated using one­
way analysis of variance (ANOVA) with a test of least significant difference (LSD) used 
to identify which species occupied hollows with different characteristics. Residuals were 
plotted against fitted values and expected normal quantiles to ensure that the model 
assumptions were met.
Every hollow observed in each tree was included in the analysis because of the limited 
suitable area available for sampling. In a stag-watching study (where animals emerging 
from hollows at dusk are observed from the ground), Lindenmayer et al. (1990a) found 
that less than 1% of observed hollow-bearing trees were occupied by more than one
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species of arboreal marsupial, thereby suggesting that the presence of one species may 
occur to the exclusion of others. This introduces the possibility that occupancy observed 
in two or more hollows within the same tree may be dependent upon each other rather 
than any of the measured variables. However, analysis of variance assumes independence 
between observations. In a study examining felled trees, Mackowski (1987) found a 
number of trees in which there was evidence of occupancy by more than one species. 
Similarly in this study, evidence of more than one vertebrate species was observed in a 
number of trees and hollows. As many hollow-using species are known to change nest 
sites (Lindenmayer et al. 1996, Gibbons and Lindenmayer 1997a), these results suggest 
only contemporary interspecific competition for hollows within the same tree rather than 
permanent exclusion of one species by another. If this interpretation were correct, the 
potential problem of dependence in this study would be obviated. Nevertheless, the 
robustness of the conclusions were verified using a bootstrap analysis (Efron and 
Tibshirani 1993). In the bootstrap analysis the data set was sub-sampled with 
replacement 1000 times to generate a bootstrap distribution of the differences in means. 
Percentile intervals calculated using these distributions produced conclusions that were 
in agreement with the analysis of variance results.
4.3 Results
There were 472 hollows examined for evidence of occupancy in 228 living trees at 16 
logging areas (each <40ha). Frequency histograms of: (A) the minimum entrance widths 
of sampled hollows; and (B) trees sampled in different diameter classes, are provided in 
Figure 4.2. Seven different tree species were recorded, although 94% of all records were 
of four tree species: E. obliqua (n=74), E. cypellocarpa (n=69), E. fastigata (n=41) and 
E. croajingolensis (n=30). The other tree species recorded were: E. globoidea, E. 
denticulata and E. muelleriana.
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Figure 4.2. Frequency histograms of: (A) the minimum entrance widths of the 472 hollows 
sampled; and (B) the diameters (dbh) of the 228 live, hollow-bearing trees sampled.
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Fauna detected
Evidence of occupancy was detected in 43% (203) of all hollows (Table 4.2). Positive 
identification of the hollow occupant to species or genus level could only be made in 
41% (83) of cases. This was because the majority of hairs and feathers collected from 
hollows could not be identified. The vertebrate taxa positively identified were: Common 
Ringtail Possum {Pseudocheirus peregrinus), Greater Glider (Petauroides volans), Sugar 
Glider {Petaurus breviceps), Yellow-bellied Glider {P. australis), Brushtail Possum 
(Trichosurus sp.), Feathertail Glider (Acrobates pygmaeus), Eastern Pygmy Possum 
{Cercartetus nanus), Bush Rat (Rattus fuscipes), Brown Antechinus (Antechinus 
stuartii), insectivorous bat (Microchiroptera), Cat {Felis catus), White-throated 
Treecreeper {Climacteris leucophaea) and Powerful Owl (Ninox strenua). Additionally, a 
number of hollows contained a floor of bark chips indicative of parrot or cockatoo 
activity.
Table 4.2. Fauna recorded from a total of 472 hollows examined in 228 felled trees. The total 
number of occupied hollows is less than the total number of records because some hollows 
were occupied by more than one species.
F a u n a  d e te c te d B a s is  fo r  id e n tif ic a tio n R e c o rd s
B ird fe a th e r , n e s tin g  m a te r ia l 30
M a m m a l h a ir 161
R e p tile eg g s 4
U n id e n tif ie d  a n im a l w e a r  a ro u n d  e n tra n c e 29
E u ro p e a n  H o n e y  B e e  {A p is  m e ll i fe r a ) h o n e y c o m b 2
T o ta l h o llo w s  o c c u p ie d 2 0 3
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Characteristics o f  hollows suitable fo r  occupancy
Logistic regression was used to investigate the types of hollows occupied by all 
vertebrate fauna. In the chosen model, hollow depth and minimum width at half depth 
were the significant explanatory variables (Table 4.3), i.e. the proportion of hollows 
suitable for occupancy by all vertebrate fauna increased as both the depth of the hollow 
and the minimum width of the hollow at half depth increased (Figure 4.3). Although 
hollows, on average, were more likely to be occupied if deeper and wider, there was 
some overlap between the dimensions of occupied and unoccupied hollows (Figure 4.4).
Table 4.3. A logistic regression model of significant explanatory variables (hollow entrance 
width and hollow depth) predicting the proportion of hollows suitable for occupancy by 
fauna.
V a r ia b le E s tim a te S .E . S ign .
C o n s ta n t -7 .0 5 0 .6 7
L o g ic  d e p th 3 .1 0 0 .3 8 p< 0 .0 0 1
L o g  io w id th  a t h a l f  d e p th 3 .0 4 0 .4 9 p< 0 .0 0 1
To examine whether these variables were significant for hollows with different entrance 
widths (which are likely to be occupied by different species), separate models were 
developed for hollows with minimum entrance widths of 2-5 cm, 6-10 cm and >10 cm 
respectively. Depth was a significant explanatory variable for hollows, regardless of 
minimum entrance width. However, width at half depth was only a significant co-variate 
for hollows with a minimum entrance width of 2-10 cm. For hollows with a minimum 
entrance width >10 cm, depth was selected as the sole explanatory variable.
63
(A)
V
Hollow depth (cm) 
(B)
O .4-
Minimum width at half depth (cm)
Figure 4.3. Individual effects (± 95% confidence intervals) of the significant explanatory 
variables in a logistic regression model used to predict the proportion of hollows suitable for 
occupancy by fauna. The graphs indicate change in the proportions of hollows occupied by 
vertebrate fauna with: (A) hollow depth and (B) hollow width at half depth. In each case the 
other variable is held at its mean value.
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Figure 4.4. Depth and width at half depth for each of the 472 occupied and unoccupied 
hollows sampled in this study.
The variables hollow entrance width, wall thickness, branch diameter, or the ratio of 
hollow depth to entrance width could be used as substitutes to width at half depth in the 
model detailed in Table 4.3. These variables are all highly correlated, but accounted for a 
comparatively smaller change in deviance when added to a model in which depth is the 
sole explanatory variable. Hollows with a large entrance width, a thick wall, or those that 
occur in branches with a large diameter, are more likely to be suitable for occupancy if 
depth is held at a constant. Some of these other variables, e.g. branch diameter, may be 
useful when selecting trees to retain for habitat following logging operations. This issue 
will be examined in Chapter 5. In all models, the proportions of occupied hollows did not 
differ significantly with any of the stratification, or other site-level variables, viz. the 
dominant species of eucalypt, topographic position, geology, slope, or aspect.
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Partitioning of the hollow resource between vertebrate taxa
The access width and depth of hollows occupied by selected vertebrate taxa were 
compared (Figure 4.5). Access width is defined as the smaller of the entrance width and 
width at half depth of a hollow. There was a significant difference between the mean 
access width of hollows occupied by different species (F5> 343 = 18.22, p<0.001, one-way 
ANOVA, loge transformed). The mean access width of hollows occupied by A. pygmaeus 
was significantly smaller than the mean access width of hollows occupied by all other 
species (/?<0.05, LSD test). The mean access width was significantly smaller in 
unoccupied hollows compared with hollows occupied by all species with the exception of 
A. pygmaeus. There were no significant differences between the mean access widths of 
hollows occupied by any of the other taxa. The mean depth of occupied hollows 
appeared to differ between species and, on average, hollows occupied by all species were 
deeper than unoccupied hollows. However, the significance, or otherwise, of these 
differences were not tested formally because of unequal variances.
Sampling bias
The possibility that the sample of hollow-bearing trees from logged sites was not an 
adequate representation of hollow-bearing trees occurring in unlogged forest was 
examined by comparing the mean dbh of hollow-bearing trees sampled on logged sites 
(«=228) with the mean dbh of hollow-bearing trees measured on 45, 0.2ha plots in 
unlogged forest («=198). Ninety one per cent of the mean number of hollow-bearing trees 
occurring on unlogged sites were felled on logged sites. The mean dbh (± 95% C.I.) of 
hollow-bearing trees sampled from logged forest (118 ± 6 cm) was lower than the mean 
dbh of trees in unlogged sites (126 ± 7 cm), but this difference was not significant at the
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95% level (F1> 423 = 3.57, p=0.06, one-way ANOVA), suggesting the sample was 
reasonably representative of hollow-bearing trees in unlogged forest.
200t
Figure 4.5. Mean access width (top) and depth (bottom) (± standard errors) of hollows 
occupied by A. pygmaeus (ap), P. australis (pa), P. peregrinus (pp), P. volans (pv), Trichosurus 
sp. (tr), and unoccupied hollows (un). Access width is the smaller of minimum entrance width 
and minimum width at half depth.
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4.4 Discussion
Fauna detected
Approximately 180 vertebrate species utilise hollows in Australia's forests (Ambrose 
1982). Forty-seven vertebrate species that use hollows in trees have been recorded in 
East Gippsland (CNR 1993). All hollow-using arboreal marsupials known to occur in the 
study area were detected {viz. P. peregrinus, P. volans, P. australis, P. breviceps, 
Trichosurus sp., A. pygmaeus and C. nanus). On the basis of previous surveys in the 
region (CNR 1993), hair samples identified as Trichosurus sp. are most likely to be the 
Mountain Brushtail Possum {T. caninus) rather than the Common Brushtail Possum (T. 
vulpecula). Two scansorial species that also occur in the region were detected. One of 
seven samples identified as either Antechinus sp. or probable small Dasyurid was 
positively identified as A. stuartii. This species is common in the study area (CNR 1993) 
and more arboreal than the Dusky Antechinus {A. swainsonii) (Dickman 1991). Two 
samples were identified as Rattus sp., one of which was confirmed as R. fuscipes. R. 
fuscipes is the most common of the three Rattus spp. recorded in the study area (CNR 
1993) and has been observed nesting in tree hollows (Dickman 1991).
The results do not pertain to hollow selection by insectivorous bats. Nine species of 
Microchiroptera that roost in hollows have been recorded in the study area (CNR 1993). 
However, evidence of occupancy by this assemblage was recorded in only one hollow. 
Microchiroptera have very short body hairs, do not construct nests, may not leave wear 
around the hollow entrance and can occupy roosts which did not meet the definition of a 
hollow used in this study (e.g. under peeling bark). This would make them difficult to 
detect using the methods employed in this investigation.
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Twenty-six species of hollow-using birds have been recorded in the study area (CNR 
1993). Occupancy of hollows by birds was detected on 30 occasions. Feathers from only 
two species (N. strenua and C. leucophaea) were positively identified. Nine hollows 
contained wood chips, indicative of parrot or cockatoo activity. Birds may not be as easy 
to detect as mammals for a number of reasons. Many hollow-using bird species do not 
construct nests and leave the hollow free from droppings and feathers (Ambrose 1982). 
Two species (C. leucophaea and Bassian Thrush Zoothera lunulata) were observed 
utilising hollows associated with the butt of trees, which were not measured in this 
survey. Birds are more likely to show fidelity to a single nesting hollow, unlike mammals 
which will utilise multiple hollows. A number of hollows for which wear around the 
entrance was observed may have been utilised by birds. It is also possible that a number 
of hollows in which evidence of mammal occupancy was detected may have been 
previously utilised by birds. For example, one record of P. breviceps was from a hollow 
with evidence of parrot or cockatoo activity.
Hollows were judged to have been occupied if found to contain nesting material, hair, 
scats, feathers, or obvious wear around the entrance. Evidence of hollow occupancy 
based on such evidence does not necessarily indicate that a hollow has been occupied by 
the species, only that the hollow has been entered. Theoretically, one would expect that 
nesting material, hair, feathers, scats, or wear, is more likely to be observed in hollows 
used repeatedly. It is equally feasible that a proportion of hollows in which no evidence 
of occupancy was detected had been utilised by fauna, although this proportion is 
assumed to be low.
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The dimensions of occupied hollows
Across all of the vertebrate species examined, deeper hollows on average were more 
likely to be suitable for occupancy. However, the proportions of hollows that were 
suitable for occupancy did not increase linearly with depth, but began to plateau for 
hollows above a certain threshold (e.g Figure 4.3A). This was consistent for hollows with 
small and large entrances. For hollows with smaller minimum entrance widths (2-10 cm), 
their suitability for occupancy was also limited by internal width. Pinkowski (1976) also 
found that minimum interior diameter and hollow depth were the critical dimensions 
influencing occupancy of hollows by the Bluebird (Sialia sialis) in north-central 
Michigan. Saunders et al. (1982) found that the internal width of hollows was an 
important variable for nesting cockatoos. Nest box entrance width and internal 
dimensions influenced occupancy by a range of bird and mammal species in Louisiana, 
USA (McComb and Noble 1981a). In a study from Victoria, Australia, vertebrates 
showed a preference for artificial hollows with a depth of 40 cm; artificial hollows <20 
cm deep were not occupied (Calder et al. 1983). These results are consistent with 
predictions from the statistical model in Table 4.3.
It has been suggested that predation and competition have been important selection 
pressures in the evolution of hollow-using (von Haartman 1957, Alerstam and Hogstedt 
1981, Nilsson 1984). The depth of the hollow may be an important variable because 
deeper hollows are difficult to access by some predators (von Haartman 1957, Snyder 
and Taapken 1978). Smaller species have often been observed to select hollows with 
entrance dimensions that are generally only just larger than their body size (McComb and 
Noble 1981a, Ambrose 1982, Menkhorst 1984a, Warded-Johnson 1986, Tidemann and 
Flavel 1987). This may also be in response to predation or competition (McComb and 
Noble 1981a, Tidemann and Flavel 1987, Newton 1994).
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Hollow use may be an important strategy in behavioural thermoregulation (Smith and 
Lee 1984, Lewis 1995). Calder et al. (1983) found the lag between ambient temperatures 
and temperatures within hollows decreased when the wall of the hollow was thicker, or 
the hollow was deeper. The range of temperatures recorded within hollows similarly 
decreased with increasing wall thickness and depth. Internal temperatures were also 
influenced by the aspect of the hollow. However, it was suggested that some species (e.g. 
A. pygmaeus) were selecting hollows according to parameters such as their depth, 
seemingly independent of the hollow's microclimatic properties (Calder et al. 1983). 
Many hollow-using species can employ a number of different strategies for 
thermoregulation, such as huddling, nest construction and torpor (Smith and Lee 1984). 
The ability to employ these strategies may be more closely related to factors such as the 
protection afforded by hollows from predators, rather than their microclimatic properties, 
although this conclusion is speculative.
Other physical variables besides the internal dimensions of hollows have been found to 
affect hollow occupancy. These include: the height of the hollow above ground 
(Ambrose 1982, Menkhorst 1984a), hollow type (Ambrose 1982, Lindenmayer et al. 
199Id) and entrance orientation (McComb and Noble 1981a). The height of the hollow 
above ground was not a significant variable in this study, although hollows less than 
three meters above the ground were not measured. The entrance orientation of hollows 
was not measured in this study.
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Partitioning of the hollow resource between vertebrate taxa
Comparison of the minimum entrance width and depth of occupied hollows indicated 
some partitioning of the hollow resource between certain vertebrate species (Figure 4.5). 
Partitioning on the basis of minimum access width appears to be related to body size, 
with A. pygmaeus occupying hollows with the smallest access width. This species also 
has the smallest relative body weight (10-14 g) (data from Strahan 1983). Similarly, 
hollows with the largest entrance width were typically occupied by the three largest 
species (P. australis 0.45-0.7 kg, P. volans 0.9-1.7 kg and Trichosurus sp. 1.5-4.5 kg) 
(data from Strahan 1983).
The results of this chapter support the theory that the preference by small species for 
hollows with a narrow entrance is in response to inter-specific competition and predation 
(McComb and Noble 1981a, Ambrose 1982, Menkhorst 1984a, Wardell-Johnson 1986, 
Tidemann and Flavel 1987). For example, the smallest species recorded in this study (A. 
pygmaeus) was observed in hollows 2-22 cm wide and 12-70 cm deep. However, the 
same species was recorded in a wider range of hollows in north-east NSW: 5-30 cm wide 
and 27-210 cm deep (Mackowski 1987) (Figure 4.6). In the study by Mackowski (1987), 
the largest species of arboreal marsupial (P. volans and Trichosurus sp.) were recorded in 
only one hollow, suggesting that the population density of larger arboreal marsupials was 
less than in this study and, therefore, competition for hollows was also less. In 
Gippsland, Victoria, Menkhorst (1984a) found that none of the nest boxes in which T. 
caninus had been observed were subsequently occupied by another species, despite 
previous occupation by a range of smaller species (including A. pygmaeus). These data 
suggest that A. pygmaeus in this study was restricted to a small part of its fundamental 
nesting niche due to interspecific competition, although pressures associated with 
predation could exert a similar effect.
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Figure 4.6. Depth and entrance width of hollows occupied by A. pygmaeus recorded in this 
study and the study by Mackowski (1987).
The proportion o f natural hollows suitable for occupancy
Forty-three per cent of hollows observed in this study had been occupied by vertebrate 
fauna. Over a four year observation period in forest near Melbourne, Australia, Ambrose 
(1982) found that 54% of hollows had been utilised. In Western Australia, Saunders et al. 
(1982) found that 47% of available hollows were occupied. Tyndale-Biscoe (1975) and 
Lindenmayer et al. (1990a) detected occupancy by arboreal marsupials in approximately 
one third of hollow-bearing trees. Do these data indicate that the hollow resource is in 
excess?
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Lindenmayer et al. (1990a) suggested that such results are unlikely to indicate an 
oversupply of hollows because unoccupied hollows may not be suitable for occupancy. 
Tree hollows considered available for nesting in the study by Saunders et al. (1982) were 
defined as having an entrance diameter of at least 9 cm and a depth of at least 9 cm. 
According to the model reported in this study, hollows with a depth of 9 cm have a very 
low predicted probability of occupancy (Figure 4.3).
The observations that approximately one in three hollow-bearing trees were occupied 
(Tyndale-Biscoe and Calaby 1975, Lindenmayer et al. 1990a), were based on data for 
arboreal marsupials. In the study by Calder et al. (1983), arboreal marsupials were 
detected in 38% of all occupied hollows. Other hollow-using taxa (birds, herpetofauna, 
Microchiroptera) which were not examined in the studies by Lindenmayer et al. (1990a) 
and Tyndale-Biscoe (1975) will therefore add to the number of trees occupied. Another 
important consideration is that many species change the hollows they use regularly 
(Lindenmayer et al. 1996), or use hollows only at certain times of the year (Calder et al. 
1983). Observations that do not reflect occupancy over a considerable period of time will 
underestimate hollow use. Many hollow-using species will defend an area around their 
nest site(s) that include adjacent hollows (Lindenmayer et al. 1990a, Krebs 1998). This 
will also limit the number of hollows available for occupancy.
Nevertheless, there was considerable overlap in the dimensions of occupied and 
unoccupied hollows in this study (Figure 4.4), indicating either that hollows were not 
limiting, or that other variables not measured in this study also affected occupancy. For 
example, some hollows with seemingly suitable dimensions, and in which there was no 
evidence of prior occupancy, contained ant nests while others collected water. McComb 
and Noble (1981a) found that occupancy of hollows by some species was associated with
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variables not measured in this study, such as proximity to water, entrance aspect and 
internal light levels.
A common outcome of studies in which artificial nest boxes are provided is a very high 
occupancy rate overall, but a moderate or low occupancy rate at any single time 
(Menkhorst 1984a, Munro and Rounds 1985, Wardell-Johnson 1986). For example, over 
a two-year period Menkhorst (1984a) detected evidence of occupancy in 93% of all nest 
boxes, but the occupancy rate at any one visit averaged only 7%. As artificial nest boxes 
are typically constructed to be suitable for occupancy by several species, these results 
suggest that most hollows of suitable dimensions will be utilised.
Even if the occupancy rate of suitable hollows was high, it could not necessarily be 
concluded that the hollow resource was limiting. Many species use multiple hollows. It 
has been suggested that this may be related to thermoregulation, predator avoidance, 
parasite loads, facilitating dispersal and ranging behaviour and accessing seasonal food 
resources (Calder et al. 1983, Cockbum and Lazenby-Cohen 1992, Lewis 1995, 
Lindenmayer et al. 1996). Lewis (1995) suggested that roost lability may also be 
associated with the temporary nature of some types of hollows. However, the number of 
hollows occupied by some species appears to be proportional to the number available. In 
a study of P. volans, Kehl and Borsboom (1984) found that the number of detected dens 
increased linearly with the frequency of hollows. The total number of den trees used by 
individual T. caninus over an 18-month period ranged from five to 23 (Lindenmayer et 
al. 1997b). Lindenmayer et al. (1997b) suggested that this apparent opportunistic use of 
available hollows may be associated with marking, or defending territory. Similar 
behaviour has been observed among birds. The Common Myna {Acridotheres tristis)
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constructs nests in several proximate hollows as a deterrent to other hollow-using species 
(Pell and Tidemann 1997).
In a review of hollow-using by birds, Newton (1994) concluded that breeding densities 
were generally limited by hollow numbers. The evolution of strong territorial behaviour 
by many hollow-using species around nest sites could be further evidence to suggest that 
suitable hollows are generally limiting (von Haartman 1957), although territorial 
behaviour around nesting sites is not restricted to hollow-using species.
Implications for the conservation of hollow-using fauna in timber production forests
Prescriptions for the retention of hollow-bearing trees are employed by all forest 
management agencies in Australia to mitigate against the effects of timber harvesting in 
native forests on biodiversity (Gibbons and Lindenmayer 1997c). Guidelines for the 
selection of trees bearing suitable hollows are vague or absent from these prescriptions 
(Gibbons and Lindenmayer 1996, 1997b). This is due to a lack of information on 
characteristics of trees used by hollow-using vertebrate fauna in Australia. In this study 
43% of all hollows had been occupied and a large proportion of the remaining hollows 
were of dimensions that suggested they were unsuitable for occupancy. Guidelines for 
the selection of suitable hollows and trees are important because a large proportion of 
hollows visible in standing trees may not be suitable for occupancy. These results also 
suggest that inventory in which hollows are assessed from the ground will overestimate 
the number of suitable hollows.
Effective conservation of the full range of hollow-using fauna requires retention of a 
diversity of hollow sizes. Data from this study indicated some partitioning of the hollow 
resource between species because of competitive exclusion. For example, A. pygmaeus
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was restricted, in all but one case, to hollows with an entrance < 10 cm diameter. If such 
hollows were not available it is possible that this small species would occur at a much 
lower density because of exclusion from larger hollows by larger species. In the study by 
Menkhorst (1984a), no nest boxes entered by the largest hollow-using species in the 
study area (T. caninus) were subsequently occupied by any other species. Newton (1994) 
suggested that competition for nest sites was typically asymmetric, in the sense that one 
species prevailed over another when competing for the same hollow resource. A 
reduction in the diversity of hollows could therefore lead to a shift in the species 
composition of hollow-using fauna.
4.5 Conclusions
The selection of hollows by fauna is influenced by a number of factors. Body size defines 
the lower entrance size of hollows that can be utilised by a species. For some species 
(typically the smaller species), the upper limit appears to be associated with competition 
for nesting space or predation. Hollows must also meet certain minimum requirements 
with respect to the shelter/protection they afford before being suitable for occupancy. To 
this end, the deepest hollows available, within the preferred range of internal width, 
appeared to be selected preferentially by animals. Not all hollows meet these minimum 
requirements, so a considerable proportion of the hollow resource appeared to be 
unsuitable for occupancy. The implications for managing wood production forests are: 
hollows should not be selected for retention on logged sites at random, and a reduction in 
the diversity of hollow sizes has the potential to disadvantage certain species.
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Chapter 5
Selecting suitable hollow-bearing trees for retention on 
logged sites
Abstract
Trees containing hollows are retained on logged sites in many countries around the 
world for conservation purposes. Guidelines for the selection o f trees suitable for 
occupancy by fauna are developed in this chapter. A total o f 472 hollows in 228 felled 
trees was examined. Fifty seven per cent o f all hollow-bearing trees had been utilised by 
vertebrate fauna. A large proportion o f hollow-bearing trees were unsuitable for 
occupancy suggesting that guidelines for the selection o f suitable trees are desirable. 
Generalised linear modelling was used to investigate relationships between a range o f 
measured variables and the occupancy of: (1) hollows; and (2) hollow-bearing trees. 
Hollows were more likely to be suitable for occupancy i f  they had a large entrance width 
and occurred on a large diameter dead, or partly dead branch. Trees were likely to 
contain >1 hollow suitable for occupancy if: (1) the tree contained several visible 
hollows; (2) at least one hollow had a large entrance width; and (3) >20% o f the crown 
comprised o f dead branches.
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5.1 Introduction
One element of prescriptions employed for the conservation of hollow-using fauna on 
logged sites is the retention of trees suitable for occupancy. These trees are sometimes 
called “habitat trees” or “wildlife trees”. Guidelines for the selection of suitable habitat 
trees have been developed in a number of regions around the world (Thomas 1979, 
Neitro et al. 1985, Anon. 1995). However, in a review of prescriptions employed by 
forest management agencies throughout eastern Australia, guidelines for the selection of 
suitable habitat trees were generally absent (Gibbons and Lindenmayer 1997b) (see 
Chapter 3).
In this chapter the types of trees occupied by vertebrate hollow-using fauna in one broad 
forest type of south-eastern Australia are identified. These data are used to recommend 
the types of trees that should be selected for retention on logged sites. Some general 
principles for selecting habitat trees in eucalypt forests are discussed.
5.2 Methods
Study area and data collection
This chapter reports on an extended analysis of the study in Chapter 4. Details of the 
study area and survey design were detailed in that chapter. Although several variables 
were measured for each hollow and hollow-bearing tree (see Chapter 4), only those 
variables that could be measured in standing trees from ground-level were considered in 
this analysis. The intention was to provide recommendations that can be applied by 
personnel in the field.
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Statistical analysis
The occupancy of hollows was modelled as a function of one or more of the variables in 
Table 5.1 using logistic regression (McCullagh and Neider 1989). Relationships between 
the number of occupied hollows in a tree and the number of different vertebrate species 
occupying a tree were modelled as a function of one or more of the explanatory variables 
in Table 5.2 using Poisson regression modelling (McCullagh and Neider 1989). The 
procedures used for selecting variables for the models and conducting diagnostic tests are 
described in Nicholls (1989).
5.3 Results
There were 472 hollows examined for evidence of occupancy in 228 trees on 16 logged 
sites (each up to 40 ha). A summary of the dimensions of hollows and trees measured, 
and fauna recorded, in this study are provided in Chapter 4.
Hollows suitable for occupancy
Evidence of occupancy was detected in 43% of the 472 hollows examined. Minimum 
hollow entrance width, branch diameter and branch health (i.e. whether a branch is 
living, part-living, or dead) were the significant explanatory variables used in a logistic 
regression model to predict the likelihood of a hollow being suitable for occupancy 
(Table 5.3). The model predicted that, overall, hollows were more likely to be suitable 
for occupancy if they had a large minimum entrance width and occurred on branches 
with a large diameter with at least some dead wood (Figure 5.1). Hollows with a small 
entrance width were more likely to be suitable for occupancy if they occurred on dead 
branches with a large diameter.
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Table 5.1. Variables measured for each of the hollows observed in felled trees that were used 
in this analysis.
Variable Definition
minimum entrance width the smallest entrance dimension of the hollow (cm)
branch diameter branch diameter measured half-way between the entrance and base of the 
hollow (cm)
branch order assigned using opposite ordering system where the main stem is first order, 
primary branches are second order, etc.
branch health assigned one of three classes: living, part-dead, dead
height
occupied
distance from hollow entrance to the base of the tree (m) 
whether the hollow showed signs of being occupied or not
species occupying hollow taxon determined to have occupied hollow from either hair, feathers, scats, 
nesting material or pellets
Table 5.2. Variables measured for each of the hollow-bearing trees that were felled as part of 
logging operations.
Variable Definition
tree species
diameter at breast 
height (dbh)
identification was made from bark, fruits and leaves
diameter measured at a height of 1.3 m over bark (cm). For hollow-bearing trees in 
which the bole was merchantable, and hence removed, dbh was estimated from 
diameter at the stump using the equation: dbh=l.004+0.93 l(diam. @ stump) 
(n=189, R 2= 0.99)
tree height measured with either hip chain or optical rangefinder to the nearest metre. For 
hollow -bearing trees in which the bole was merchantable, and hence removed, 
height was measured from the top of the tree to the stump with the expected 
distance between stump and bole end subtracted. This distance was estimated from 
the equation: log(distance)=0.172+0.081 (slope in degrees) (n=66, R 2= 0.63)
fire scar width width of fire scar (cm) measured at the base of the tree
pipe diameter 
fire scar depth 
crown width
the largest diameter of the hollow pipe (cm) measured at the stump 
depth of fire scar (cm) measured at the base of the tree 
width of crown (m) measured on the horizontal
% crown dead estimate of the % of the extant crown composed of dead branches
stem form assigned one of three classes: (1) straight with no burls on the trunk (2) either 
minor bending and/or burling to <30% of trunk, (3) major bending and/or burling 
to >30% of trunk
tree form three qualitative classes based on crown characteristics
aspect
topographic position 
slope
number of hollows
azimuth from tree base measured in degrees
assigned to one of 3 levels: upper slope, mid-slope, lower slope
measured with clinometer in degrees
the number of hollows observed in the tree
maximum hollow 
width
entrance width of the largest hollow in the tree
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Table 5.3. A logistic regression model of significant explanatory variables (capable of being 
measured from ground level) influencing the proportion of hollows occupied by vertebrate 
fauna. Branch is a categorical variable with three levels: living, part dead and dead.
V ariab le E stim ate S.E. Sign, level
C onstan t -5.115 0.736
Logio ho llow  w id th 2.070 0.464 p < 0 .0 0 \
L og io b ranch  d iam eter 1.728 0.424 /?<0.001
B ranch  - liv ing 0 - -
B ranch  - part dead 0.495 0.324 p = 0.063
B ranch  - dead 1.388 0 .320 /X 0 .0 0 1
(A)
Min. cavity entrance width (cm)
(B)
O .4-
Branch diameter (cm)
(C)
1 .0 '
CL
living part dead dead 
Branch
Figure 5.1. Individual effects of the 
significant explanatory variables used in a 
logistic regression model to predict the 
proportion of hollows suitable for 
occupancy by vertebrate fauna. The 
graphs indicate change in the proportion 
of hollows occupied (± 95% confidence 
intervals) with: (A) minimum hollow 
entrance width; (B) branch diameter; and 
(C) branch health. In each case the other 
variables were fixed at their mean value.
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Trees suitable for occupancy
A total of 228 hollow-bearing trees was examined of which 57% (129) had been 
occupied by hollow-using fauna. Relationships between the number of hollows utilised 
by fauna in a tree and a range of variables measured at the tree level were investigated 
using Poisson regression (Table 5.4). Trees contained > 1 hollow suitable for occupancy 
if: (1) the tree contained multiple visible hollows; (2) at least one hollow had a large 
entrance width; and (3) >20% of the extant crown consisted of dead branches (Table 5.4 
and Figure 5.2). Hollow-bearing trees with a healthy crown and few hollows with only 
small entrances were least likely to be suitable for occupancy. Variables measured at the 
site-level, viz. forest-type, mean annual precipitation, elevation and geology were not 
significant in the analysis.
Table 5.4. A Poisson regression model of the explanatory variables (number of hollows in the 
tree, entrance width of largest hollow and percentage of the crown comprised of dead 
branches) significantly influencing the number of hollows in a tree that were suitable for 
occupancy by vertebrate fauna. Percent dead crown is a categorical variable with two levels 
(<20% of the crown dead and >20% of the crown dead).
Variable Estimate Std. error Sign, level
Constant -1.442 0.176 -
Number of hollows 0.297 0.045 pO.001
Max. hollow width 0.037 0.008 pO.001
% crown dead 1 0 - -
% crown dead 2 0.385 0.152 p=0.006
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Percent of crown dead
Figure 5.2. Individual effects of the 
significant explanatory variables used in a 
Poisson regression model to predict the 
number of hollows in a tree that were 
suitable for occupancy by vertebrate 
fauna. The graphs indicate change in the 
predicted number of hollows occupied by 
vertebrate fauna in trees (± 95% 
confidence intervals) with: (A) the
number of hollows in a tree, (B) the 
entrance width of the largest hollow in the 
tree; and (C) the percentage of the crown 
consisting of dead branches. In each case 
the other variables were fixed at their 
mean values.
The number of different species likely to occupy a tree was also examined. A tree was 
also most likely to be suitable for > 1 species of vertebrate if it contained: (1) several 
hollows; (2) at least one hollow had a large entrance width; and (3) >20% of the extant 
crown consisted of dead branches (Table 5.5). The low parameter estimates for this 
model suggested that most hollow-bearing trees suitable for occupancy can be expected 
to accommodate relatively few species of animal. This model is also based on fewer data 
than the previous because many species occupying hollows could not be identified to 
genus-level (Chapter 4).
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Table 5.5. A Poisson regression model of the explanatory variables (number of hollows in the 
tree, entrance width of largest hollow and percentage of dead branches in the crown) 
significantly influencing the number of different vertebrate species predicted to utilise 
hollow-bearing trees.
V ariab le E stim ate Std. error S ign, level
C onstan t -1.483 0.213
N u m b er o f  hollow s 0.196 0.062 p O .0 0 1
M ax. ho llow  w id th 0.039 0.010 p< 0 .0 0 1
%  crow n  dead  1 0 - -
%  crow n  d ead  2 0.420 0.198 p = 0 .0 1 7
The predicted number of occupied hollows and number of species in the above models 
should be interpreted as relative, rather than absolute, figures of abundance. This is 
because only hollows in the visible sections of felled trees were sampled, rather than 
dissecting trees to examine all obscured hollows (see Chapter 4). Approximately the 
same proportion of each felled tree was not examined for hollows.
The importance of tree species
None of the models predicting the suitability of hollow-bearing trees for occupancy 
included tree species as a significant explanatory variable. However, tree species is 
included in some guidelines for the selection of suitable habitat trees (e.g. CFL 1989). 
The legitimacy of favouring certain tree species as habitat trees was therefore tested. 
Using logistic regression, the four most commonly recorded tree species in this study 
(Messmate Eucalyptus obliqua (n = 74), Mountain Grey Gum E. cypellocarpa (n = 69), 
Brown Barrel (or Cuttail) E. fastigata (n = 41) and Gippsland Peppermint E. 
croajingolensis (n = 30)) were examined to test the hypothesis that there was no 
preference by vertebrate fauna for different tree species as nesting sites. This hypothesis 
was tentatively accepted because the proportion of hollow-bearing trees utilised by 
hollow-using fauna did not differ significantly between tree species ( X 2 = 6.80, 4 d . f p 
= 0.15) (Figure 5.3).
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E. obi E. cro
Tree species
Figure 5.3. The proportions of different 
tree species (mean ± 95% confidence 
intervals) utilised by hollow-using fauna. 
Overall the relationship between 
occupancy and tree species was not 
significant (p = 0.15). The tree species are: 
E. obliqua (E. obi), E. croajingolensis. (E. 
cro), E. cypellocarpa (E. cyp) and E. 
fastigata (E. fas). Only hollow-bearing 
trees were measured, i.e. the proportions 
do not refer to all trees.
5.4 Discussion
Are guidelines fo r  the selection o f  habitat trees required?
In this study, about 57% of ail trees with hollows had been utilised by hollow-using 
fauna. There is therefore some risk that trees with hollows retained on logged sites may 
be unsuitable for occupancy if selected at random.
The population density and species richness of hollow-using fauna are often positively 
associated with the number of available hollows (Smith and Lindenmayer 1988, 
Lindenmayer et al. 1991a, Newton 1994). Estimates for the number of hollows and 
hollow-bearing trees required by fauna in eucalypt forest generally exceed the number of 
hollow-bearing trees retained in logged areas (Calder et al. 1983, Smith 1994) (see 
Chapter 6). Hollows are therefore likely to be limiting on logged sites in these forests. 
Mitigation efforts will be most effective if all trees retained for the purpose of providing 
hollows are capable of being utilised.
Co-occupancy o f  hollow-bearing trees
It has been suggested that hollow-using fauna may not share individual trees with other 
hollow-using species. For example, in the Central Highlands of Victoria less than 1% of
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hollow-bearing trees were occupied by more than one species of arboreal marsupial 
(Lindenmayer et al. 1990a). However, in a study examining felled trees, Mackowski 
(1987) recorded a number of trees in which there was evidence of occupancy by more 
than one species. In the present study, evidence of co-occupancy was observed in at least 
22 hollow-bearing trees. Recorded incidences of co-occupancy have included many 
combinations of species (Table 5.6). As many hollow-using fauna are known to change 
nest sites frequently (Gibbons and Lindenmayer 1997a), these results suggest only 
contemporary interspecific competition for hollows within the same tree rather than 
permanent exclusion of certain species by others. Co-occupancy of trees by individuals 
that live in family groups is also common (Henry and Suckling 1984, Lindenmayer and 
Meggs 1996). Family groups of some species will nest in the same hollow or hollows in 
proximity (Russell 1984). It is therefore desirable to retain trees that can be utilised by 
several hollow-using species, or several individuals of a species.
Table 5.6. A summary of observed co-occupancy of individual hollow-bearing trees by 
different species of hollow-using fauna. Co-occupancy in some instances was in the same 
hollow within the tree. Each two-letter code in the matrix refers to a species: (Gl) 
Gymnobelideus leadbeateri; (Pp) Pseudocheirus peregrinus; (Pv) Petauroides volans; (Pa) 
Petaurus australis; (Pb) P. breviceps; (Tv) Trichosurus vulpecula; (Tc) T. caninus; (Ap) 
Acrobates pygmaeus\ (Rs) Rattus spp; and (Bird) all birds combined. Data are from 
Mackowski (1987), Lindenmayer et al. (1990a) and this study.
Gl Pp Pv Pa Pb Tv Tc Ap Rs A s Bird
Gl
Pp -
Pv X -
Pa - - -
Pb - - - -
Tv - - - X -
Tc X X X - - -
A p - - - - X - X
Rs - - X - - - - -
A s X - - - X - X X -
Bird - X - - X - X X - -
87
Selecting hollows suitable for occupancy
The probability of hollows being suitable for occupancy was best predicted from the 
internal dimensions of hollows (Chapter 4). This relationship was re-examined using 
only those characteristics of standing trees that could be measured from ground-level, so 
the results are applicable in a management context. Although not as powerful as the 
model detailed in (Chapter 4), the modified model indicated that hollows were most 
likely to be occupied if they had a large minimum entrance width and occurred on large, 
dead branches. However, hollows with large entrances are unlikely to be occupied by the 
full suite of hollow-using fauna. Smaller species appear to show a preference for hollows 
with an entrance dimension only slightly larger than body size, possibly in response to 
factors such as predation and competition (McComb and Noble 1981a, Tidemann and 
Flavel 1987). In this study, 69% of all occupied hollows had a minimum entrance width 
<10 cm. It was difficult to predict whether hollows of this size were suitable for 
occupancy. This is because a large proportion of hollows with a small entrance width are 
also prohibitively shallow. However, when the minimum entrance width of all hollows is 
held at the mean value (8.4 cm), the model predicted that hollows are most likely to be 
suitable for occupancy if they occurred in large, dead branches. This result is expected 
for two reasons. First, the width of the hollow at half depth was a significant variable that 
influenced occupancy (Chapter 5). A hollow is more likely to have a wide internal depth 
if it occurs in a large diameter branch. Trees with a heavy branching habit have been 
observed to contain more hollows than trees with smaller branches (Ambrose 1982). 
Second, dead, or partly dead, branches are more likely to support deep hollows because 
decay cannot be compartmentalised in dead tissue (Wilkes 1982), and dead branches 
form a series of small fissures which would increase the surface area on which decay- 
causing organisms could act (see Chapter 7).
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Selecting hollow-bearing trees suitable for occupancy
As previously discussed, it is preferable to retain habitat trees suitable for the maximum 
number of individuals and species of hollow-using fauna. Hollow-bearing trees were 
more likely to contain > 1 suitable hollows and be suitable for > 1 vertebrate species if 
they contained multiple hollows, at least one of which had a large entrance diameter and 
>20% of the extant crown consisted of dead branches (Figure 5.2). As stated previously, 
hollows with a large entrance width that occur in dead, or partly dead, branches are more 
likely to have considerable depth. The depth of a hollow is an important variable 
influencing occupancy (Chapter 4). The number of hollows in a tree is unlikely to be 
important for vertebrate fauna per se, but is likely to increase the probability that one or 
more hollows will be suitable for occupancy (Lindenmayer et al. 1990a). Trees with 
large hollows typically contained hollows of a range of sizes (Mackowski 1987, 
Lindenmayer et al. 1993b), suggesting that their selection may also cater for smaller 
species.
Other variables have been used to identify trees suitable for occupancy by hollow-using 
fauna. In montane ash forests Lindenmayer et al. (1990a) found that tree shape was a 
significant variable influencing the probability of trees being occupied by arboreal 
marsupials. In addition, Lindenmayer et al. (1990a, 1991b) found that a number of 
variables measured at the site level (viz. basal area of acacias, amount of shedding bark, 
spacing of hollow-bearing trees and aspect) influenced the probability of trees being 
suitable for occupancy by arboreal marsupials.
There were a number of important distinctions between this study and those of 
Lindenmayer et al. (1990a, 1991b). In the present study, observations of hollow 
occupancy were averaged across all species, whereas the studies by Lindenmayer et al. 
(1990a, 1991b) were of arboreal marsupials. The observations by Lindenmayer et al.
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(1990a, 1991b) were taken at one time, whereas observations of hollow occupancy in this 
study reflected the utilisation of hollows over considerable periods. Lindenmayer et al. 
(1990a, 1991b) also included observations of dead trees in their study, compared to this 
study, which was confined to living trees with hollows.
Other considerations when selecting habitat trees
The guidelines provided in this chapter relate to the retention of trees suitable for 
immediate occupancy by vertebrate fauna. Depending on the silvicultural system, some 
hollow-using species may not be able to colonise logging regrowth for a considerable 
period after logging, regardless of the presence of suitable hollow-bearing trees. For 
example, P. australis was generally absent from even-aged 50 year-old regrowth in the 
Central Highlands of Victoria (Nelson et al. 1997, Lindenmayer et al. 1998). Hollow 
development is a dynamic process and hollow-bearing trees pass through a number of 
stages to a point of eventual collapse (Lindenmayer et al. 1990b). Suitable habitat trees 
must therefore be present at all times on logged sites to facilitate recolonisation by 
hollow-using species with different habitat requirements.
Dead trees were not measured in this study because they frequently disintegrated upon 
impact after being pushed by machinery or felled. Hollows in dead trees are utilised by 
many fauna in Australia (Adam-Gates 1996, Gibbons and Lindenmayer 1997a). Indeed, 
some species appear to show a preference for dead trees as nest sites (Saunders et al. 
1982, Taylor and Savva 1988), and at some sites the only hollows suitable for nesting 
were provided by dead trees (Lindenmayer et al. 1990a). While suitable for hollow-using 
fauna, and representing minimum competition to regeneration, dead trees generally have 
a comparatively short standing life (Lindenmayer et al. 1990b) and, therefore, should be 
retained in addition to living stems. There are also safety issues that must be considered 
when retaining dead trees in harvested areas (Gibbons and Lindenmayer 1997a).
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Eucalypts take prolonged periods to develop hollows suitable for occupancy by 
vertebrate fauna (Ambrose 1982, Mackowski 1984, Inions et al. 1989, Nelson and Morris 
1994). Because logging rotations are generally shorter than the period required for 
hollows to form (Gibbons and Lindenmayer 1996), recruitment is difficult to achieve in 
forests also managed for timber harvesting. It is therefore important that habitat trees are 
selected with the intention of maximising their longevity. On logged sites in lowland 
sclerophyll forest of East Gippsland, Victoria, Gibbons (1994a) found retained trees 
which possessed poor crowns, or an existing fire scar, were at greatest risk of collapse 
after logging and burning. It is important that a proportion of habitat trees retained on 
logged sites are healthy and that retained stems are protected from the effects of post­
logging burning. An equally important issue is selecting trees for retention that will 
develop suitable hollows in the future. This issue is addressed in Chapter 7.
5.5 Conclusions
Hollows are likely to be limiting on logged sites. If habitat trees (trees with hollows) are 
selected at random, a considerable proportion will be unsuitable for occupancy. Trees 
with hollows are shared by different hollow-using species (although not necessarily 
simultaneously), so trees capable of supporting several species should be favoured for 
retention. In the study area, hollow-bearing trees were more likely to be suitable for 
occupancy if they contained several hollows, at least one of these hollows had a large 
entrance width and the crown of the tree contained a considerable number of dead 
branches. Rules such as these should be used when selecting trees for retention on logged 
sites. However, the need to perpetuate trees with hollows on logged sites must also be 
considered when selecting trees for retention. Simple guidelines such as these are absent 
from existing prescriptions.
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Chapter 6
An estimate of the number of hollow-bearing trees 
occupied by vertebrate fauna in eucalypt forest
Abstract
The total number o f living, hollow-bearing trees occupied by vertebrate fauna was 
estimated for one forest type in south-eastern Australia. The proportion o f all hollow­
bearing trees occupied by fauna was derived from observations o f 472 hollows in 228 
trees felled as part o f logging operations. This proportion was multiplied by the mean 
number o f living, hollow-bearing trees counted on 45 logged sites. The mean number o f 
living hollow-bearing trees occupied by vertebrate fauna was 10.3 ha'1. When the lower 
and upper confidence intervals for these estimates were used as multipliers, the expected 
number o f occupied trees was 7.3 and 13.9 trees h a 1 respectively. The number o f 
occupied trees did not vary significantly with the dominant eucalypt species in the stand 
or mean annual precipitation. These estimates are likely to be conservative because: 
dead trees with hollows were not measured, and there were some potential sources o f 
bias in the way the data were collected.
6.11ntroduction
The number of hollow-bearing trees required by vertebrate fauna has proved to be an 
elusive statistic. This is because the suitability of hollows for fauna cannot be easily 
assessed: hollows are not readily accessible and hollow-using species can be cryptic, e.g. 
by emerging from the hollow after dark (Smith et al. 1989). Estimates must also be based 
on observations that reflect occupancy over a considerable period of time. For example, 
most birds use hollows in spring and early summer (Calder et al. 1983), although nesting 
has been observed biannually (Saunders 1977), whereas some reptiles use hollows only 
in summer (Webb and Shine 1997). Hollow-using mammals swap den-sites regularly 
(Lewis 1995, Lindenmayer et al. 1996) and some hollow-using bird species will occupy 
more than one nest in the same season (Krebs 1998). Due to these complexities, most 
estimates for the number of hollows occupied by fauna have been based on one species 
or taxonomic group (e.g. Mackowski 1984, Taylor and Haseler 1993).
This chapter provides an estimate of the number of trees with hollows occupied by an 
assemblage of vertebrate fauna in one broad forest type in south-eastern Australia. The 
implications of these results for forest management are discussed.
6.2 Methods
Study area and sampling regime
The study area (Figure 4.1) is described in Chapter 4. The analyses in this chapter were 
based on two data sets. The first contained measurements of hollows in trees which were 
randomly sampled at recently logged sites. These sites had not been logged previously. 
The second contained data on counts of hollow-bearing trees in plots established in
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unlogged forest. These two data sets were collected using the same stratification 
protocol, which was described in Chapter 4.
Estimates for the number of living, hollow-bearing trees occupied by vertebrate fauna in 
the study area were obtained by multiplying: (1) the proportion of living, hollow-bearing 
trees occupied by vertebrate fauna (obtained from measurements of trees on logged 
sites), by (2) the number of living, hollow-bearing trees that occurred in unlogged forest.
The proportion of hollow-bearing trees occupied by vertebrate fauna
The method used to calculate the proportion of hollow-bearing trees occupied by hollow­
using fauna was described in Chapter 4, but is repeated here for context. Living, hollow­
bearing trees that had been felled as part of logging operations were randomly located on 
16 recently logged sites (each up to 40ha in size). All visible hollows in each tree were 
examined for evidence of occupancy by fauna (hair, feathers, scat, nesting material, 
obvious wear around the entrance or interior). A hollow was defined as any hollow with 
a minimum entrance width >2 cm, >5cm deep and >3m from the base of the tree (i.e. 
hollows formed in fire-scars at the base of trees were not sampled). Being large (up to 40 
ha), the sampling units typically straddled different parts of the topographic sequence, 
different slopes and different aspects. Therefore, these variables were treated as random 
effects. Only forest type, mean annual precipitation (estimated using ESOCLIM 
McMahon et al. 1995) and geology were recorded for each site. Potential sampling bias 
associated with sampling only trees felled as part of logging operations were tested by 
comparing the mean dbh of hollow-bearing trees sampled on logged and unlogged sites 
(as also reported in Chapter 4).
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Counts of hollow-bearing trees in unlogged forest
The number of living, hollow-bearing trees was counted in 45, 0.2ha plots located in 
unlogged forest. At least two plots were located in each stratum. All trees >20cm dbh 
were examined for the presence of hollows using 10 x 50 binoculars. Every attempt was 
made to select hollow-bearing trees on unlogged sites according to the same criteria used 
for selecting trees in logged forest, although the depth of hollows could not be measured 
in standing trees. A hollow-bearing tree was defined as any tree with at least one hollow 
having a minimum entrance width estimated to be > 2cm and occurring at a height > 3m 
above the base of the tree. A range of variables were measured at each unlogged site 
(Table 6.1).
Table 6.1. Variables measured at unlogged sites.
Variable Definition
number of trees with 
hollows
latitude and longitude 
forest type
geology
aspect
topographic position 
slope
mean annual 
precipitation
kurtosis
the number of trees with hollows with a minimum entrance width > 2cm visible 
from the ground using 10 x 50 binoculars
each site was geo-coded using 1:100 000 maps
assigned as either Brown Barrel-dominant or Messmate/Mountain Grey Gum- 
dominant, which were identified as the major forest types using an 
agglomerative hierarchical clustering procedure applied to data obtained from 
all unlogged plots
either Ordovician sediments or Devonian granitoids identified with the use of 
published maps (CFL 1989, SFNSW 1994) and verified in the field
the predominant azimuth of the site in terms of one of four classes: north (315°- 
45°), east (45°-135°), south (135°-225°) and west (225°-315°)
the predominant topographic position (lower, mid, upper) occupied by the site
the average slope in degrees of the site
the predicted mean annual precipitation of the site derived using the software, 
ESOCLIM (McMahon et al. 1995) and a 250m resolution digital elevation 
model
the kurtosis calculated for the size-class distribution of trees on each site
skew 
basal area 
Q-factor
the skew calculated for the size-class distribution of trees on each site 
the stand basal area (over bark m2 h a 1) of living eucalypts on the site 
the ratio of the number of trees in successive diameter classes (see Carron 1968)
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Statistical analysis
Relationships between the measured variables and: (1) the proportion of hollow-bearing 
trees that was occupied; and (2) the presence of hollows in trees, were examined using 
logistic regression (McCullagh and Neider 1989) and least squares linear regression 
respectively. The choice of model was dictated by the nature of the response variable and 
the distribution of the residuals. The process of model selection was similar to that 
described by Nicholls (1989).
6.3 Results
The proportion of hollow-bearing trees occupied by vertebrate fauna
There were 472 hollows examined for occupancy in 228 living trees with hollows. The 
proportion (mean ± 95% C.I.) of hollow-bearing trees occupied on each of the 16 sites 
was 0.57 ± 0.08. This proportion did not differ significantly with any of the stratification 
variables (viz. forest association and mean annual precipitation - there were insufficient 
data to test the effect of geology) (logistic regression; /?>0.10).
Counts of hollow-bearing trees in unlogged forest
There were 1309 trees measured on 45, 0.2ha unlogged sites. The number of living trees 
with hollows on these sites (mean ± 95% C.I.) was 3.6 ± 0.6. Unlogged sites supported, 
on average, an additional 0.8 ± 0.3 dead, hollow-bearing trees. Least squares linear 
regression modelling was used to examine whether the number of living, hollow-bearing 
trees varied with any of the variables measured for each unlogged site (Table 6.1). The 
number of living, hollow-bearing trees did not differ with any of these variables (linear
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regression; /»0.10), but did differ significantly with the stand basal area of living
eucalypts (see Chapter 7).
Estimated number of occupied hollow-bearing trees
The number of hollow-bearing trees occupied by fauna was estimated by multiplying the 
proportion of living, hollow-bearing trees that had been occupied by vertebrate fauna by 
the mean number of living, hollow-bearing trees that occurred on unlogged sites. As the 
proportion of occupied living, hollow-bearing trees was not significantly different across 
the sampled sites, the mean proportion was applied uniformly. Similarly, the number of 
living, hollow-bearing trees in unlogged forest did not differ significantly with any of the 
stratification variables, so the mean figure was used.
The estimated mean number of living, hollow-bearing trees occupied by vertebrate fauna 
was 10.32 trees ha'1. When the lower and upper 95% confidence limits for: (1) the 
proportions of trees occupied; and (2) the numbers of hollow-bearing trees on logged 
sites, were used as multipliers, the lower and upper estimates were 7.30 and 13.85 trees 
ha'1 respectively. The data used to calculate these estimates are provided in Table 6.2.
Table 6.2. Estimates for the number of living, hollow-bearing trees occupied by vertebrate 
fauna on unlogged sites in the study area. Estimates are based on the mean data, with lower 
and upper limits based on multiplying the lower and upper 95% confidence intervals 
(provided in brackets).
M ean proportion o f living, 
hollow-bearing trees occupied 
per site (± 95%  C.I.)
M ean living trees w ith hollows 
per 0.2ha (± 95%  C.I.)
Estim ated m ean num ber o f 
occupied living trees w ith 
hollows per ha
0.57 (0.49, 0.65) 3.62 (2 .98 ,4 .26) 10.32 (7.30, 13.85)
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Potential sources of bias
Occupancy was not measured in trees occurring in major drainage lines and on steep 
slopes because logging does not occur in these areas. The extent to which this may have 
biased the sample was investigated by comparing the mean dbh of trees sampled on 
logged sites («=228), with the mean dbh of trees measured on unlogged plots («=198). 
Unlogged and logged sites were sampled using the same stratification protocol, but 
unlogged plots were also established in areas that are not usually logged, such as major 
drainage lines. These results have been reported in Chapter 4, but are repeated here. The 
mean dbh (± 95% C.I.) of hollow-bearing trees sampled in logged forest was 118 ± 6cm 
and 126 ± 7cm in unlogged forest. This difference was not significant at the 95% level 
(7ri,423= 3.57,/?=0.06, one-way ANOVA).
6.4 Discussion
It is difficult to compare the present estimate for the number of occupied trees with 
hollows (10.3 hollow-bearing trees ha'1) with those derived in other studies (listed in 
Table 6.3). First, the number of hollow-using species, and therefore demand on the 
hollow resource, varies across the landscape. There were 45 vertebrate species recorded 
in the study area that use hollows (CNR 1993). This compares with approximately 70 
species in north-eastern NSW (Smith 1994), 42 species in south-west Western Australia 
(Abbott 1998) and 33 species in Tasmania (Taylor 1991). Second, estimates for the 
number of hollow-bearing trees required by fauna appear to be approximately 
proportional to the number of species examined. For example, an estimate of 0.4 trees 
ha'1 was calculated for four species of birds (Taylor and Haseler 1993), 16-24 hollows ha' 
1 for 13 species of birds and mammals (Calder et al. 1983) and 18-40 hollows ha'1 (6-13 
trees ha'1) for 70 species of reptiles, birds and mammals (Smith 1994). Third, different
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species occupy different numbers of hollows. Many birds require one hollow for nesting 
(Saunders et al. 1982), whereas mammals occupy as many as 23 different hollows 
(Lindenmayer et al. 1996). These different species also occur in different population 
densities. Finally, estimates were based on observations over different time-periods. 
Demand on the hollow resource changes seasonally (Ambrose 1982), populations of 
hollow-using fauna may vary from year-to-year (e.g. with drought) (Lunney 1987), and 
the number of hollows occupied by some species accrues over time (Lindenmayer et al. 
1996). Estimates in this study were based on the accumulated evidence of prior 
occupancy of hollows by fauna (e.g. wear, hair, nesting material). The results therefore 
reflect occupancy of hollows over a considerable period of time.
Table 6.3. Estimates for the number of hollows and hollow-bearing trees occupied by 
vertebrate fauna in eucalypt forests and woodlands.
L o c a tio n T a x a N u m b e r  o f N u m b e r  o f R e fe re n c e
h o llo w s  ( h a 1) h o llo w -b e a rin g  
tre e s  ( h a 1)
so u th -w e s t W A te n  sp e c ie s  o f  b ird s 7 .5 - (S a u n d e rs  e t al. 1 982)
c e n tra l  V ic to r ia 13 sp e c ie s  o f  b ird s  a n d  
m a m m a ls
16-24 - (C a ld e r  e t al. 1 983)
n o r th -e a s t  N S W tw o  sp e c ie s  o f  p o ssu m s - 3 (M a c k o w s k i 1984)
G ip p s la n d , fo u r  sp e c ie s  o f  b ird s 10 - (M e n k h o rs t  1 984b)
V ic to r ia a n d  f iv e  sp e c ie s  o f  
m a m m a ls
n o r th -e a s t  N S W 70  v e r te b ra te  sp e c ie s 18-40 6 -13 (S m ith  1994)
C e n tra l  H ig h la n d s , 6 sp e c ie s  o f  a rb o re a l - 3 -4 (S m ith  a n d
V ic to r ia m a rsu p ia ls L in d e n m a y e r  1988)
C e n tra l  H ig h la n d s , 3 sp e c ie s  o f  a rb o re a l - 6-7 (L in d e n m a y e r  e t al.
V ic to r ia m a rsu p ia ls 1 9 9 1 a)
n o r th -e a s t fo u r  sp e c ie s  o f  b ird s - 0 .4 (T a y lo r  a n d  H a se le r
T a sm a n ia 1 993)
The estimated number of hollow-bearing trees occupied by fauna in this study was 
greater than the number of hollow-bearing trees retained during logging operations. At
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the time of writing, the prescribed number of hollow-bearing trees retained on logged 
sites in East Gippsland was 5 per 15ha (0.3 ha'1) (CNR 1993) and 5 ha'1 in south-eastern 
NSW (NPWS and SFNSW 1996). The extent to which this shortfall impacts on 
populations of hollow-using fauna is difficult to quantify. Where hollows occur in large 
numbers (e.g. unlogged forest), the threshold below which hollows become limiting to 
populations of fauna may be below the number of hollows actually occupied. This is 
because some species (mammals in particular) appear to utilise as many hollows as are 
available. Over an 18-month period, the Mountain Brushtail Possum (Trichosurus 
caninus) used 5-23 different trees as nest sites (Lindenmayer et al. 1996). The number of 
den sites used by the Greater Glider {Petauroides volans) was proportional to the number 
of hollows present (Kehl and Borsboom 1984). Studies of den-use by arboreal marsupials 
suggest that individuals typically spend the majority of time swapping between a small 
number of “primary” dens (Kehl and Borsboom 1984, Norton 1988, Cowan 1989, 
Lindenmayer et al. 1996), possibly to reduce parasite loads, for thermoregulatory 
reasons, or for predator avoidance (Kehl and Borsboom 1984, Cockbum and Lazenby- 
Cohen 1992, Lindenmayer et al. 1994c, Lewis 1995). The apparent opportunistic use of 
additional hollows by some animals could be associated with defence of the home range 
(Lindenmayer et al. 1996), although these suggestions are speculative.
Significant positive relationships have been found between populations of hollow-using 
arboreal marsupials and the number of trees with hollows (Smith and Lindenmayer 1988, 
Lindenmayer et al. 1990a, 1991a, 1993a, 1994a). A similar relationship was found for 
species richness (Lindenmayer et al. 1991a). In a review of studies on hollow-using 
birds, Newton (1994) concluded that one or more dominant species often persisted at the 
expense of others when the number of hollows declined below certain levels. Some 
species have disappeared from sites where the number of hollows was reduced (Brush
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1993). These results suggest that, by reducing the number of hollows, logging may effect 
a decline in populations of hollow-using fauna. However, the effects are unlikely to be 
uniform across all species, with some being affected more than others.
Previous studies have found populations of hollow-using fauna varied with a number of 
landscape variables in addition to numbers of hollows, such as: forest type (Recher et al. 
1980, Braithwaite et al. 1983, Loyn 1985, Braithwaite et al. 1988, Recher et al. 1991, 
Kavanagh and Bamkin 1995), elevation (Recher et al. 1991, Kavanagh and Bamkin 
1995) and structural attributes of forests (Braithwaite et al. 1983, Lindenmayer et al. 
1991a). The number of occupied trees in this study did not vary significantly with any of 
these variables, except the basal area of eucalypts. This is not an unexpected result, 
because this study was confined to one broad forest type (Damp Sclerophyll 
Forest/Messmate-Brown Barrel League), which contains relatively uniform densities of 
some hollow-using species (Braithwaite et al. 1983, Kavanagh and Bamkin 1995). 
Elevation, for example was only an important variable for species distributions in the 
broader regional context (Recher et al. 1991). The basal area of living eucalypts was the 
only variable that significantly affected the number of occupied trees with hollows. Basal 
area was a significant variable explaining the distribution of arboreal marsupials in the 
region (Braithwaite et al. 1983). Braithwaite et al. (1983b) considered it to be a surrogate 
for the number of trees with hollows.
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Potential sources of error
Estimates provided in this study are likely to be conservative for the following reasons:
1. The underside of the bole of felled trees (i.e. that part in contact with the ground) 
was not examined for the presence of hollows. While the number of unexamined 
hollows is likely to be small, this nevertheless raises the possibility that some trees 
with hollows in which no evidence of prior occupancy by fauna was detected, may 
have contained hollows that had been occupied previously. This would increase the 
number of occupied trees.
2. Dead trees with hollows were not considered in the analysis. Dead trees with 
hollows represented 18.5% of all trees with hollows on unlogged sites in the study 
area. Many vertebrate species use hollows in dead trees (Gibbons and Lindenmayer 
1997a, 1997b), so the number of occupied trees is likely to be higher if dead trees 
are considered.
3. Some hollows suitable for occupancy by fauna were not included in this analysis. 
These include hollows with a minimum entrance width <2cm and fire scars forming 
a hollow at the base of trees. Hollows meeting these dimensions are known to be 
utilised by small mammals (Menkhorst 1984a) and birds (Gibbons, pers. obs.) 
respectively.
4. Some hollow-using species known to occur in the study area were not recorded. 
Either these species occupied hollows in which the occupant could not be identified 
(see Chapter 4), or the sampling technique used in this study was not appropriate.
5. There may have been a slight bias in the types of hollow-bearing trees sampled. 
Although not statistically significant, hollow-bearing trees sampled on logged sites 
had, on average, a slightly smaller dbh compared with hollow-bearing trees
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measured in unlogged plots. Although only approximately 9% of all hollow-bearing 
trees were retained on logged sites, preferential selection may be given to trees with 
a large diameter, because these trees are more difficult to fell for culling purposes 
(Gibbons, pers. obs.). Hollow-bearing trees with a large diameter are more likely to 
be suitable for occupancy by fauna (Chapter 5). This may also lead to a minor 
underestimate in the number of hollow-bearing trees occupied by fauna on logged 
sites.
6. The method used to identify hollow-bearing trees on logged sites was different to 
the method used to identify hollow-bearing trees in unlogged forest. Hollows in 
felled trees were selected on the basis of their entrance width and depth (i.e. >2cm 
minimum width and >5cm depth). Hollows in standing trees were selected using 
the same criteria, but identifying hollows with a depth > 5cm, when at ground-level, 
cannot be done with any certainty. This may have led to a slight overestimate in the 
number of occupied trees.
6.5 Conclusions
This is the first study in which an empirical estimate has been made of the total number 
of hollow-bearing trees occupied by an assemblage of vertebrate fauna in a eucalypt 
forest. The estimate was based only on living, hollow-bearing trees and would be higher 
if dead trees were also considered. The number of occupied trees was substantially 
greater than the number of hollow-bearing trees prescribed for retention on logged sites. 
This shortfall may have consequences for populations of hollow-using fauna as well as 
species richness on logged sites. The number of occupied hollow-bearing trees did not 
differ significantly with any of the variables measured at sites, except the basal area of
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living eucalypts. This is probably because the study was confined to one relatively
homogeneous area and only a limited number of covariates was measured.
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Chapter 7
The formation of hollows in eucalypts
Abstract
The formation and development o f hollows were investigated in six species o f eucalypt in 
forest o f south-eastern Australia. A total o f 331 felled trees and 1309 stems in unlogged 
forest was examined. Hollow formation was associated with the shedding and breakage 
o f branches, cracks forming in association with movement o f the tree and direct 
excavation by fire. Decay in adjacent heartwood was a necessary pre-condition. Trees o f 
all sizes and ages contained hollows, but larger and older trees, on average, were more 
likely to contain hollows. Larger trees, even i f  in an advanced stage o f decay, have a 
longer standing life than small, decayed trees. For two tree species, the probability o f 
living trees containing hollows remained below Ü.5 for trees less than 180 years of age. 
For all values o f dbh, trees were more likely to contain hollows i f  either dead or in poor 
physiological condition, indicating potential for the formation o f hollows in eucalypts to 
be accelerated.
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7.11ntroduction
Australia has no recognised primary excavating vertebrate fauna such as the Piciformes 
(woodpeckers) of the Northern Hemisphere (Saunders 1979). Rather, the formation of 
hollows in eucalypts is associated with a combination of microbial and physical 
processes. Wilkes (1982a) described a process of decay in Tallowood (E. microcorys) in 
which wounds exposing the heartwood were followed by a succession of decay-causing 
microbial organisms, primarily fungi. Discolouration of affected timber, exudation of 
kino walls and development of tyloses in wood tissue suggested an active process of 
compartmentalisation of decay in some species of eucalypts (McCaw 1983, Mackowski 
1984). This is consistent with the “expanded concept” of decay outlined by Shigo (1979) 
for North American hardwoods. The "expanded concept" of Shigo (1979) has been 
challenged by Rayner and Boddy (1988) who suggested that the initiation of decay is 
instead facilitated by passive processes associated with the moisture content and aeration 
of wood tissue.
Invertebrates, particularly termites (Isoptera), play a major role in the development of 
decay in eucalypts (Mackowski 1984). Termites gain access to the base of trees with 
existing damage or fungal infection (McCaw 1983, Perry et al. 1985). They excavate a 
hollow pipe in the main stem and branches of the crown, typically in the direction from 
pith to sapwood (Wilkes 1982a, Perry et al. 1985). The formation of hollows in eucalypts 
has occurred when this hollow pipe is exposed after external damage to the tree (e.g. by 
limb breakage) (Saunders 1979, Mackowski 1984, Mackowski 1987).
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Factors that predispose trees to developing hollows are poorly understood. Hollows are 
more likely to occur in trees with a large diameter (Recher et al. 1980, Ambrose 1982, 
Braithwaite et al. 1984, Mackowski 1987, Newton-John 1992, Lindenmayer et al. 1993b, 
Taylor and Haseler 1993, Bennett et al. 1994a, Wormington 1996, Clode and Burgman 
1997) and trees exhibiting poor form (Lindenmayer et al. 1993b, Soderquist and Lee 
1994). These relationships vary with tree species (Lindenmayer et al. 1993b, Bennett et 
al. 1994a). The number of hollow-bearing trees on sites varies with slope angle, forest 
type, stand age and mean annual precipitation (Lindenmayer et al. 1991b, Bennett et al. 
1994a).
Hollows suitable for occupancy by the larger species of vertebrate fauna generally do not 
appear in trees less than 150 years of age (Mackowski 1984, Inions et al. 1989, Nelson 
and Morris 1994) (see Chapter 2). As outlined in Chapter 2, wood production eucalypt 
forests are typically managed on a rotation of approximately 55-120 years (CNR 1993, 
Lindenmayer et al. 1991b, McKinnell et al. 1991). Effective conservation of hollow­
using fauna on logged sites requires the hollow resource to be provided in perpetuity 
(Lindenmayer et al. 1990b). This requires the retention of trees bearing suitable hollows 
at each cutting event as well as trees that do not have hollows, but are likely to develop 
them in the future. Identifying trees likely to develop hollows and accelerating their 
development are therefore topics of interest to forest managers.
In this chapter, factors that influence the formation and development of hollows are 
examined in six species of eucalypt. The results are used to identify the types of trees 
that are predisposed to forming hollows. The feasibility of accelerating the formation of 
hollows in eucalypts is also discussed.
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7.2 Methods
Study Area
The study was in mixed-species eucalypt forests of East Gippsland, Victoria and south­
eastern New South Wales, Australia (36o50’-37o50’S and 148o20*-150°00’E) (Figure 
4.1). The study area is described in Chapter 4.
The measured variables
Three data sets were used in the analysis:
1. Logged sites
The types of hollows that occurred in trees, and factors influencing the progress of decay 
at the branch level, were investigated from a random sample of 228 trees felled as part of 
logging operations at 16 sites, each up to 40 ha in area. This data set has been described 
in Chapter 4. The variables measured in these trees are listed in Table 7.1.
2. Unlo22ed sites
The presence of hollows in trees, and the number of hollows on sites, was investigated in 
45 unlogged plots. Each plot measured 100 x 20 meters (0.2 ha). All standing, living and 
dead stems with a dbh >20cm and height >3m were examined for the presence of 
hollows. The variables measured for each tree and each plot are listed in Tables 7.2 and 
7.3. These plots were located according to the same stratification protocol as the plots 
located on logged sites (see Chapter 4), with further stratification by topographic position 
(lower, mid and upper slope). This was because the plots were considerably smaller and
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therefore did not straddle different parts of the topographic sequence. At least two plots
were randomly located in each of the 21 strata that occurred in environmental space 
within the study area. All plots were established at least 50 metres from any existing road 
or track and in stands where there was no evidence of prior logging {viz. tree-stumps).
Table 7.1. Variables measured in trees containing hollows which were felled as part of 
logging operations.
V a riab le D efin itio n
tree  sp ec ies
d iam e te r  a t b re a s t h e ig h t 
(d b h )
id en tifica tio n  w as m ad e  from  b a rk , fru its  and  leav es
d iam e te r m easu red  at a  h e ig h t o f  1,3m  o v e r b a rk  (cm ). F o r h o llo w -b ea rin g  
trees in  w h ich  th e  b o le  w as m erc h an ta b le , a n d  h e n c e  rem o v ed , dbh  w as 
e s tim a ted  from  d iam e te r at th e  s tu m p  u sin g  th e  equation : 
d b h = l .0 0 4 + 0 .9 3 l(d ia m . @  s tu m p ) (n = 1 8 9 , R 2= 0 .9 9 )
p ip e  d iam e te r  
en tra n ce  w id th
th e  larg est d iam e te r o f  th e  h o llo w  p ip e  (cm ) m ea su re d  at th e  stu m p  
th e  sm a lle st d im en sio n  o f  th e  e n tra n ce  to  th e  h o llo w  (cm )
w id th  at h a lf  dep th  
access w id th
th e  sm a lle st in ternal d im en sio n  o f  th e  h o llo w  at h a lf  d ep th  (cm ) 
th e  sm a lle r  o f  m in im u m  e n tran ce  w id th  a n d  w id th  at h a lf  d ep th  (cm )
dep th v ertica l o r h o rizo n ta l d is tan c e  from  th e  b a se  o f  th e  e n tra n ce  to  th e  b o tto m  o f  
the  h o llo w  (cm )
b ra n ch  d iam e te r b ran ch  d iam e te r m ea su re d  h a lf  w ay  b e tw ee n  th e  en tra n ce  a n d  b a se  o f  th e  
h o llo w  (cm )
w all th ick n ess to ta l h o llo w  w all th ic k n e ss  c a lcu la te d  as d iam e te r  o f  b ran ch  a t h a lf  dep th  
m in u s m in im u m  w id th  at h a lf  d ep th  (cm )
b ran ch  o rd e r ass ig n ed  u sin g  o p p o site  o rd e rin g  sy s tem  w h e re  th e  m ain  s tem  is z e ro  o rd er, 
p rim ary  b ran ch es  a re  f irs t o rd er, etc.
b ran ch  h ea lth ass ig n ed  o n e  o f  th ree  c lasses: liv in g , p a rt dead , d ead
h e ig h t d istan ce  from  h o llo w  en tra n ce  to  th e  b a se  o f  th e  tree  (m )
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Table 7.2. Variables measured for all standing trees sampled on unlogged sites.
V a riab le D efin itio n
tree  sp ec ies
d iam e te r  a t b re a s t h e ig h t 
(d b h )
c o m p e titiv e  p o sitio n
id en tifica tio n  w as m ad e  from  bark , fru its  an d  leav es 
d iam e te r  m ea su re d  a t a  h e ig h t o f  1,3m  o v e r ba rk  (cm )
trees w e re  a ssig n ed  to  o n e  o f  fo u r c lasses: su p p ressed , in te rm ed ia te , c o ­
d o m in an t, o r  d o m in a n t based  on S m ith  (1 9 6 2 ), a lth o u g h  a  sp ec ie s ' re la tiv e  
to le ran c e  w as a lso  co n sid ered  in th e  c la ss ifica tio n  (se e  F lo re n ce  1996).
fire  sca r the  p re sen ce  o f  a fire  sca r and  w h e th er it fo rm ed  a  v ertica l h o llo w  in th e  tree  
w ere  reco rd ed
stem  form a ssig n e d  o n e  o f  th ree  classes: (1) s tra ig h t w ith  n o  b u rls  on  th e  tru n k  (2 ) e ith e r  
m in o r  b e n d in g  a n d /o r  b u rlin g  to  < 3 0 %  o f  tru n k , (3 ) m a jo r  b e n d in g  a n d /o r  
b u rlin g  to  > 3 0 %  o f  trunk
tree  fo rm e ig h t q u a lita tiv e  c la sses  b ased  on c ro w n  an d  stem  c h a ra c te ris tic s  (F ig u re  7.1)
m ax im u m  liv e  c row n  
w id th
es tim a te d  from  th e  g ro u n d  to  5m  c la sses
d is tan c e  to  n e a re s t tree th e  d is tan c e  b e tw een  trees (m ) in w h a t w ere  ju d g e d  to  b e  e v en -a g ed  co h o rts
h o llo w s th e  p re sen c e  o r ab sen ce  o f  h o llo w s w ith  an  e s tim a te d  m in im u m  e n tra n ce  w id th  
o f  2-5  cm , 5 - 15cm  and  > 1 5 cm  w ere  re c o rd e d  fro m  th e  g ro u n d  u sin g  10 x 50 
b in o cu la rs
asp ec t th e  az im u th  o f  each  tree  w as p lac ed  in to  o n e  o f  fo u r  c lasses : no rth  (3 1 5°-45°), 
e as t (4 5 ° -135°). so u th  (135°-225°) an d  w e st (22 5 °-3 1 5 °)
to p o g ra p h ic  p o s itio n  
s lo p e
each  tree  w as ass ig n ed  to  o n e  o f  3 levels: u p p e r s lope , m id -s lo p e , lo w e r  s lo p e  
m ea su re d  w ith  c lin o m ete r  in d eg rees a t each  tree
Table 7.3. Variables measured at each of the 45 unlogged sites.
V a riab le D efin itio n
n u m b er o f  tre e s  w ith  
h o llo w s
the  n u m b er o f  trees w ith  h o llo w s w ith  a  m in im u m  en tra n ce  w id th  — 2cm  
v is ib le  fro m  th e  g ro u n d  u sin g  10 x 50  b in o cu la rs
la titu d e  a n d  lo n g itu d e  
fo res t ty p e
each  site  w as g e o -co d e d  u sing  1 :100 ,000  m ap s
a ss ig n e d  a s  e ith e r B row n  B arrel (o r  C u tta il)  (E. fa s t ig a ta )-d o m in a n t o r 
M e ssm a te  (E. o b liq u a )/M o u n ta \n  G rey  G um  (E. c yp e llo c a rp d )-d o m in an t, 
w h ich  w e re  id en tified  as th e  m a jo r  fo re s t ty p es u s in g  an  ag g lo m e ra tiv e  
h ie ra rch ica l c lu s te rin g  p ro c ed u re  a p p lie d  to  d a ta  o b ta in e d  from  all u n lo g g ed  
p lo ts
g e o lo g y e ith e r O rd o v ic ian  sed im en ts  o r D ev o n ian  g ra n ito id s  id en tifie d  w ith  th e  u se  o f  
p u b lish ed  m ap s (C F L  1989, S F N S W  1994) a n d  v e rified  in  th e  fie ld
asp ec t th e  p re d o m in an t a z im u th  o f  the  s ite  in te rm s o f  o n e  o f  fo u r c lasses : no rth  
(3 1 5°-45°), eas t (45°-135°), sou th  (1 3 5 °-2 2 5 °) a n d  w e st (2 25°-315°)
to p o g rap h ic  p o sitio n  
slo p e
m ean  an n u a l p re c ip ita tio n
th e  p re d o m in an t to p o g rap h ic  p o sitio n  (lo w er, m id , u p p e r) o c cu p ied  b y  th e  s ite  
th e  av e ra g e  slope  in  d eg rees o f  th e  site
th e  p re d ic te d  m ean  an n u al p re c ip ita tio n  o f  th e  s ite  d e riv e d  u s in g  th e  so ftw are , 
E S O C L IM  (M cM ah o n  e t al. 1995) a n d  a  250 m  re so lu tio n  d ig ita l e le v a tio n  
m odel
k u rto s is th e  k u rto s is  ca lcu la ted  fo r  th e  s ize -c la ss  d is tr ib u tio n  o f  trees  on  each  site
skew th e  sk ew  ca lcu la ted  fo r the  s ize -c la ss  d is trib u tio n  o f  trees on  each  site
basa l a rea th e  s tan d  basa l a rea  (o v e r bark  m 2 h a '1) o f  liv in g  e u ca ly p ts  on  th e  s ite
Q -fa c to r th e  ra tio  o f  th e  n u m b er o f  trees in su c c ess iv e  d iam e te r  c la sses  (see  C arro n  
1968)
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3. Tree aseins
Trees from which age estimates were derived were sampled on five recently logged sites 
dominated by Brown Barrel (or Cuttail) (E. fastigata) and Messmate (E. obliqua) 
occurring at elevations from 650-1000m. Age estimates were obtained from 
measurements of 103 trees at five sites burnt in 1939. The year of the fire was evident in 
the form of a gum vein or fire scar on the stump left after these trees had been felled. A 
large number of trees had also germinated immediately after the fire. Dendrochronology 
on samples taken from 27 trees confirmed whether or not trees had germinated from, or 
been affected by, the 1939 fire.
Trees were aged using the technique described in Figure 7.2. In all cases, under-bark 
radial growth was averaged from four radii on each tree (because trees were rarely 
symmetrical in cross-section). The over-bark diameter measured at the stump was 
recorded for all trees in each age class and converted to diameter at breast height over 
bark using the following relationship developed from 189 trees measured within 
unlogged plots in the study area:
dbhob = 1.004 + 0.931*(diameter @ stump height) (R2=0.99).
Age estimates derived using this method were compared with ages estimated using 
dendrochronology for one in every five trees. The range of dbh values recorded for trees 
in each age class were then used to estimate the proportions of trees with hollows in each 
of these age classes. These values were predicted using data collected from trees 
measured in 45 unlogged plots.
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Figure 7.1. The eight forms to which all trees in this study were designated (adapted from 
Preston 1997).
The tree forms were defined as follows:
(1) complete crown with no dead 2nd order branches;
(2) complete, or near complete crown with persistent 2nd order dead branches;
(3) incomplete and unbalanced crown with substantial number of dead limbs;
(4) recently dead (with persistent small branches 3rd and 4th order), but previously unbalanced 
crown;
(5) recently dead (with persistent small branches 3rd and 4th order), but previously balanced 
crown;
(6) dead with 2nd and/or 3rd order branches persisting;
(7) dead tree with no persistent branches >5m high; and
(8) dead tree with no persistent branches 3-5m high.
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Regenerated from 1939 fire
Figure 7.2. Ageing technique used for trees.
The broken line represents the mark left on the cross-section of the tree from the 1939 fire (i.e. fire 
scar or gum vein). A, B and C represent the growth by trees of different sizes over the same period 
of time, i.e. 60 years. The mean radius of trees that germinated immediately after the 1939 fire, i.e. 
the average radius of 60-year-old trees (A), was subtracted from the radii of all other trees. Those 
trees for which A was > the distance between the centre of the tree and the mark from the 1939 
fire were estimated to be 60-120 years old. For these trees, the radius between the mark from the 
1939 fire and the outside of the tree was measured (B). For the remaining trees, those in which the 
distance between the centre of the tree and the mark from the 1939 fire was < A + B were 
estimated to be 120-180 years old. This was repeated in 60-year increments until no trees 
remained. The age of one in every five trees was verified using dendrochronology.
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Statistical analysis
Comparisons between the dimensions of hollows and trees were made using Analysis of 
Variance (ANOVA). In each case diagnostic tests were undertaken to ensure that the 
residuals were homoscedastic and conformed with approximately normal distributions. 
Residuals were also examined to determine whether any of the data points exhibited high 
leverage. Transformations were employed where any of these assumptions appeared to be 
violated. Multiple comparisons were undertaken using tests of Least Significant 
Difference (LSD) at a significance level ofp<0.05.
Relationships between the measured variables and the depth of hollows in branches and 
the number of trees with hollows on sites were modelled using linear regression. 
Relationships between the measured variables and the presence of hollows in trees were 
modelled using logistic regression. The process of logit model selection was similar to 
that described by Nicholls (1989). Uncertainty associated with the models and their 
predictions is provided in the form of standard errors for the parameter estimates, and in 
some cases confidence intervals for the predicted values. To ensure that the different 
levels of the data did not give rise to >1 error term, each level was fitted as a covariate in 
each model.
Due to a limited suitable area available for survey, all hollows observed in each felled 
tree were included in the analysis of hollow development at the branch level. This 
introduced the possibility that the characteristics of two or more hollows within the same 
tree may be more closely related than hollows compared across trees. Analysis of 
variance assumes independence between observations. The robustness of the ANOVA 
results were verified using a bootstrap analysis (Efron and Tibshirani 1993). In the 
bootstrap analysis the data set was sub-sampled with replacement 1000 times to generate
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a bootstrap distribution of the differences in means between hollow types. Confidence 
intervals calculated using these distributions produced conclusions that were in 
agreement with the analysis of variance results.
7.3 Results
There were 1640 trees measured comprising: (a) 228 felled living trees with hollows at 
16 logged sites; (b) 1309 standing living and dead trees at 45 unlogged sites; and (c) 103 
trees sampled for ageing on 5 logged sites. Sixteen species of Eucalyptus were recorded, 
although six species represented 84% of all records. These species were: E. fastigata, E. 
obliqua, E. cypellocarpa, Gippsland Peppermint (E. croajingolensis), Errinundra Shining 
Gum (E. denticuiata) and White Stringybark (E. globoidea). The development of hollows 
was examined at three spatial scales: (1) the branch level; (2) the tree level; and (3) the 
site level.
The development of hollows at the branch level
The 472 hollows observed in felled, living trees were divided into two types: (a) hollows 
in the main stem; and (b) hollows in other living and dead branches of the crown. 
Hollows in the main stem either occurred on the main trunk, or on a short section of 
residual branch (provided the hollow connected with the pipe in the main stem) (Figure 
7.3). These hollows represented 30% of all hollows observed in living trees. Most of the 
remaining hollows (65%) were associated with living or dead branches in the crown 
(Figure 7.3). Hollows occurring in the main stem were, on average, deeper, had a larger 
entrance width and occurred on larger branches than hollows occurring in branches of the 
crown (pO.OOl, one-way ANOVA's).
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Two other hollow types - fissures and fire scars - were not recorded frequently in living 
trees, either because they did not meet the definition of a hollow used in this study, or 
they were more common in dead trees. These hollows were recorded in observations of 
1309 standing living and dead trees on unlogged sites. Fissures had a narrow, linear 
entrance and typically occurred on the main stem of dead trees or on dead branches 
(Figure 7.3). Fissures with a minimum entrance width of at least 2cm were recorded in 
6% of all living trees with hollows. Hollows associated with fire scars had a triangular 
entrance at the base of the tree and extended vertically upwards (Figure 7.3). Hollows of 
this type occurred in 16% of all standing trees on unlogged sites.
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(A) main-stem
(B) crown
(C) fire scar (D) fissure
Figure 7.3. The different types of hollows identified in this study.
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Associations between the depth of hollows and a range of variables (listed in Table 7.1) 
were examined. Hollow depth was considered to be an index of hollow development. The 
significant explanatory variables in a multiple linear regression model predicting hollow 
depth were: (1) hollow width; (2) branch diameter; and (3) branch health (Table 7.4). 
Hollows were more likely to be deeper if they had a large entrance width and occurred on 
a large, dead or partly dead, branch (Figure 7.4). Shallow hollows typically occurred on 
small, healthy, living branches (i.e. no dead wood was visible) and were more likely to 
have a small entrance width.
Table 7.4. A multiple linear regression model examining factors influencing the depth of 
hollows in trees. Branch is a categorical variable with three levels: living; dead; and part- 
dead.
V a r ia b le E s tim a te S .E . S ign .
C o n s ta n t 0 .2 5 0 .1 3
e n tra n c e  w id th  ( lo g e) 0 .2 0 0 .0 4 p O .O O l
b ra n c h  d ia m e te r  ( lo g e) 0 .1 6 0 .0 4 p O .0 0 1
b ra n c h  ( liv in g ) 0 - -
b ra n c h  (p a r t  d e a d ) 0 .2 4 0 .0 6 p O .0 0 1
b ra n c h  (d e a d ) 0 .3 9 0 .0 6 p O .0 0 1
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(A)
Cavity entrance width (cm)
Branch
Figure 7.4. Effects of the significant explanatory variables (± 95% confidence interval) used 
in a multiple linear regression model to predict the depth of hollows. The graph indicates 
changes in the depth of hollows with: (A) hollow entrance width; (B) branch diameter; and 
(C) branch health. In each graph the other variables are held at their mean values.
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The types of trees that contained hollows
Using data from 1309 living and dead standing trees on unlogged sites, the relationship 
between the presence of hollows in trees and a range of variables measured at the tree 
level was examined (Table 7.2). For the purpose of this analysis, hollows were defined as 
having a minimum entrance width >2cm and a height above ground of >3m. In a 
logistic regression model examining the proportion of trees with hollows, the significant 
explanatory variables were dbh, tree form and tree species, with a significant interaction 
between dbh and tree form (Table 7.5). For all tree species, the proportion of trees with 
hollows increased with dbh. However, this relationship differed according to the form to 
which the tree was assigned (Figure 7.5). When values were averaged across all tree 
species (there was no interaction between tree species and the other variables), trees of 
form 1 (the most healthy trees) had the lowest likelihood of containing hollows for most 
values of dbh. Trees of form 7-8 (dead trees in the most advanced stage of decay) had the 
highest likelihood of containing hollows for values of dbh between approximately 20- 
50cm. For higher values of dbh, trees of forms 3-6 had the highest probability of 
containing hollows.
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Table 7.5. A logistic regression model of significant explanatory variables (dbh and tree 
form) used to predict the proportion of trees containing hollows. Some estimates are zero 
because they are based on comparisons between variables. Some levels of tree form were 
combined for simplicity, since the response of these forms was similar.
V ariab le E stim ate S.E. S ign.
C o n s ta n t -14.01 2 .44
dbh  (loge) 2 .97 0 .54 p < 0 .0 0 1
tree  fo rm  1 0 - -
tree  fo rm  2 -1 1 .1 4 4 .08 p = 0 .0 0 3
tree  fo rm  3-6 -5 .1 6 4 .65 p = 0 .1 3 3
tree  fo rm  7-8 -2 .35 0 .82 p O .O O l
E. c ro a jin g o le n s is 0 - -
E. cyp e llo c a rp a -1 .5 2 0.61 p = 0 .0 0 7
E. d e n tic u la ta -2 .13 0 .56 p O .0 0 1
E. fa s t ig a ta -2.31 0 .98 p = 0 .0 0 9
E. o b liq u a -1 .29 0 .55 p = 0.001
dbh  (loge) x tree  fo rm  1 0 - -
dbh  (logg) x tree  fo rm  2 2 .64 0 .88 p = 0 .0 0 1
dbh  ( lo g e) x tree  fo rm  3-6 1.79 1.04 p = 0 ,0 4 3
dbh  (loge) x tree  fo rm  7-8 -2 .35 0 .82 p = 0 .0 0 2
Form
dbh (cm)
Figure 7.5. Effects of the significant explanatory variables used in a logistic regression model 
to predict the proportion of trees containing hollows. The graph indicates changes in the 
proportions of trees containing hollows with dbh and tree form. Tree forms 3-6 and 7-8 were 
combined because the response for these forms was similar. The responses are averaged 
across all tree species. Confidence intervals are omitted for simplicity.
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The effect of competitive position (i.e. whether a tree was dominant, co-dominant, 
intermediate or suppressed) on hollow development in trees was examined separately. 
There was a significant relationship between the proportion of trees with hollows, 
competitive position and dbh (Table 7.6). For all values of dbh, the model predicted that 
trees, on average, were more likely to contain hollows if in the suppressed classes 
compared with trees in the dominant or co-dominant classes (Figure 7.6). However, in 
real terms, relatively few suppressed trees contained hollows compared with dominant 
and co-dominant trees. This is because the former are concentrated in the smaller 
diameter classes (Figure 7.6). Tree diameter has a stronger bearing on the proportion of 
trees with hollows.
Table 7.6. A logistic regression model examining the effects of competitive position on the 
proportion of trees likely to contain hollows for all values of dbh (and ignoring tree species). 
Some estimates are zero because they are based on comparisons between variables.
V ariab le E stim ate S.E. Sign.
C onstan t -22.5903 1.8305
dbh  (loge) 4 .7379 0.4015 /KO.OOl
suppressed 0 - -
in term edia te -0 .1103 0.2121 p= 0.603
co-dom inan t -0.6983 0.1925 /KO.OOl
dom inant -0 .4275 0 .2170 p = 0 .049
The relationship between the presence of a hollow pipe in the main stem (measured at the 
stump) and the depth of hollows was also examined. There was a significant positive 
relationship between the depth (loge) of hollows and the proportion of the stump that was 
hollow (/>=0.012; linear regression). However, 29% of 195 trees containing hollows were 
solid at the base (i.e. did not contain a hollow pipe).
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A
x suppressed 
°  intermediate
D co-dominant
A dominant
0 50 100 150 200 250 300
dbh (cm)
Figure 7.6. Results of a logistic regression model showing the effects of competitive position 
on the mean proportion of trees predicted to contain hollows for all values of dbh. Each 
symbol represents the mean predicted value generated for the 1065 trees used in the analysis. 
These are shown to illustrate that, although suppressed trees develop hollows at a lower 
relative dbh, fewer had a high probability of containing hollows.
Hollow entrance width
The relationships between the minimum entrance width of hollows and dbh were 
investigated using the data set of 228 felled trees from logged sites. The proportion of 
hollow-bearing trees containing hollows with a small entrance (2-5 cm), the proportion of 
trees containing hollows with a medium entrance and the proportion of trees with a large 
entrance (>10 cm) varied significantly with dbh (Table 7.7). Hollows with a small 
entrance widths were more likely to occur in trees with smaller values for dbh and 
hollows with larger entrances in trees with large values for dbh. The proportion of trees 
with medium-sized hollows increased slightly with dbh (Figure 7.7).
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Table 7.7. Three separate logistic regression models for predicting the proportions of trees 
containing hollows with small (2-5 cm), medium (5-10 cm) and large (>10 cm) entrances.
Variable Estimate S.E. Sign.
Small (2-5 cm)
Constant 4.15 1.63
dbh (loge) -0.89 0.35 p=0.005
Medium (5-10 cm) -
Constant -2.38 1.59
dbh (loge) 0.55 0.34 />=0.053
Large (>10 cm)
Constant -9.54 1.95
dbh (loge) 1.91 0.41 /XO.001
dbh (cm)
Hollow entrance
I  2-5 cm
■
5-10 cm
■
I  >10 cm
Figure 7.7. The predicted proportions (mean ± 95% C.I.) of living, hollow-bearing trees 
containing hollows with small (2-5 cm), medium (5-10 cm) and large (>10 cm) minimum 
entrance widths. The proportions were predicted from separate logistic regression models 
using data from felled trees on logged sites.
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Tree age and hollow formation
Age estimates were derived for 103 E. fastigata and E. obliqua trees (Figure 7.8); these 
being the two most commonly recorded species in the study area. In all but three cases 
there was congruence between these estimates and those obtained from 
dendrochronological analysis. Departure from the modelled estimates in these three cases 
was plus 26, 41 and 45 years respectively. The age-dbh relationships derived for E. 
fastigata in this study are comparable with age-dbh relationships reported in Richards 
(1990), which were based on dendrochronological studies for this species in Glenbog 
State Forest, just north of the study area (Banks 1994).
There were strong correlations between age and dbh (Figure 7.8, but see Chapter 9 for 
the actual models), so the proportions of trees containing hollows in each age class were 
predicted using dbh values recorded for these trees (Figure 7.9). Living trees of all ages 
were observed to contain hollows, but the proportion of trees with hollows increased 
with the age of trees (Figure 7.9). For both species, the proportion of trees containing 
hollows remained below 0.5 for trees <180 years of age. For E. fastigata, the 95% 
confidence interval for the mean dbh of trees containing hollows was 131-156cm. Trees 
of this size were predicted to be 120-240 years of age. For E. obliqua, the 95% 
confidence interval for the mean dbh of trees containing hollows was 109-128cm. Trees 
of this size were also predicted to be 180-240 years of age. Estimates for trees in the 
older age classes are likely to have a wider range in dbh values than reported, as only six 
trees >240 years of age were used in the analysis.
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Figure 7.8. Age estimates obtained for E. fastigata and E. obliqua in the study area.
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Figure 7.9. The estimated proportions of living trees with hollows occurring in each of six age 
classes. Data are for E. fastigata (E. fast) and E. obliqua (E. obi). Error bars represent the 
range of mean predicted proportions of trees with hollows in each age class. These 
proportions were predicted from the range of dbh values recorded for trees in each age class. 
Only six trees were sampled from age classes >240 years.
Variation between sites in the number o f  trees with hollows
Hollow-bearing trees on unlogged sites represented 15.3% of all stems >20cm dbh. The 
mean number (± standard error) of trees with hollows on 0.2 ha unlogged sites was 4.4 ± 
0.3 (mean 22 trees with hollows ha“1), indicating that the number of trees with hollows, 
even on a small spatial scale (0.2 ha), generally was not highly variable (see Figure 7.10). 
Dead trees represented 18.5% of all trees with hollows on unlogged sites (mean 4 ha“1).
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Relationships between the number of trees with hollows on logged sites and the variables 
measured at the site level were investigated (Table 7.3). The significant explanatory 
variable in a linear regression model used to predict the number of trees with hollows on 
unlogged sites was the stand basal area of eucalypts (Table 7.8). Sites with a higher basal 
area were predicted, on average, to have the higher number of trees with hollows (Figure 
7.10). Although significant, this was not a strong relationship, as indicated by the scatter 
of the data, the low parameter estimates for the model and their relatively large standard 
errors. None of the other site level variables {viz. forest type, geology, mean annual 
precipitation, topographic position, slope, Q-factor, or the kurtosis and skew of the 
diameter distribution of trees) were significant. Whether the site had been burnt in the 
major fires of 1939 or 1983 was also tested as a covariate in the model, but this was not 
significant.
Table 7.8. A linear regression model of the number of trees with hollows on unlogged sites.
V a ria b le E s tim a te S .E . S ign .
C o n s ta n t 2 .6 3 4 0 .941
s ta n d  b a s a l a re a 0 .0 2 8 0 .0 1 4 p = 0 .0 4 9
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Basal area of living eucalypts (per ha)
Figure 7.10. Effects of the significant explanatory variable used in a linear regression model 
to predict the number of trees with hollows on 0.2 ha unlogged sites. The figure shows 
changes in the number of trees containing hollows with stand basal area (m2 h a 1). Although 
confidence limits are not shown, the relationship is weak as indicated by the scatter of the 
data, as well as the low parameter estimate and high standard error (Table 7.9).
7.4 Discussion
The occurrence and formation of hollows was investigated at three spatial scales: (1) the 
branch level; (2) the tree level; and (3) the site level.
Hollow development at the branch level
Four types of hollows were identified: (1) hollows in the main stem; (2) hollows 
occurring in living and dead branches of the crown; (3) fissures; and (4) fire scars. These 
hollows differed in terms of their entrance dimensions, depth, height above ground, their 
position in the tree and the processes that led to their formation.
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Thirty percent of all hollows observed in living trees occurred in the main stem (Figure 
7.3). Hollows of this type form upon exposure of decay in the heartwood following 
breakage of primary branches (Saunders 1979, Mackowski 1984). In Blackbutt (E. 
pilularis), the formation of decay in the main stem was associated with the activity of the 
Common Termite (Coptotermes acinaciformis) gaining access at, or below, ground level 
(Greaves 1962, Mackowski 1984). Fungi may play an important role in the development 
of columns of decay in some eucalypt species (Saunders 1979). Fire also contributes to 
the formation of a hollow pipe in the main stem (Jacobs 1955, Gill 1974, Perry et al. 
1985). In this study, most of the hollows in the main stem were associated with a hollow 
pipe and attendant termite galleries of the species Porotermes adamsoni, C. 
acinaciformis or C. frenchi. However, 49% of trees <70cm dbh with hollows had a 
hollow in the main stem before a hollow pipe had developed, suggesting that hollow 
development can be initiated from elsewhere. Hymenomycetous (decay-causing) fungi 
can gain access to heartwood via partially occluded branches in the crown (Jacobs 1955, 
Wilkes 1982a, Marks et al. 1986). That partially occluded branch stubs provide access to 
heartwood for fungi is also evident from the development of "exit structures" (Rayner 
and Boddy 1988), such as fruiting bodies, at these sites.
Hollows in living and dead branches located in the crown were the most frequently 
recorded of all hollow types (Figure 7.3). These hollows were typically shallower and 
had a smaller entrance than hollows in the main stem. Hollows of this type appeared to 
form either as a consequence of crown reiteration, or exposure of decay caused by the 
breakage of branches. The branches of the crown are regularly shed as the crown 
expands, which may be associated with competition for light (Jacobs 1955). 
Alternatively, it has been argued that resources can only be transported efficiently if the 
number of branches in a vascular network increase in proportion to the organism's size
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(West et al. 1997). As leaf-bearing branches break down, the flow of auxin is inhibited 
and epicormic shoots begin to develop along the length of the branch (Jacobs 1955). The 
length of the branch beyond the point where a dominant epicormic shoot has developed 
then dies. Hollows formed where the dead portion of a branch beyond where the new 
epicormic growth persisted, or where the dead portion of the branch was shed and the 
heartwood was not fully occluded (Figure 7.3), often as a consequence of existing 
heartwood decay. Hollows in branches of the crown generally occurred when the crown 
was at least partly reiterated, i.e. no leaf-bearing units occurred on primary branches 
(Preston 1997), and therefore were uncommon in young trees. Alternatively, branches 
can be killed by drought, insect attack and fire. Hollows can form when these branches 
break, exposing existing columns of decay.
Fissures represented 6% of all observed hollows in standing trees, although the exclusion 
of hollows <2cm in minimum entrance width precluded the inclusion of a number of 
these hollows. Fissures typically occurred in dead branches or on dead portions of the 
main stem (Figure 7.3). Unlike the previous hollow types, fissures were not associated 
with branch breakage. They appear to form when the main stem or large branch of a tree 
cracks longitudinally from movement associated with wind loading (Lindenmayer et al. 
1993b), or from the branch or tree bending under its own weight (Mattheck et al. 1995). 
In studies of Balsam Fir {Abies balsamea), fissures were more likely to occur where there 
was an existing column of decay in the main stem (Ossenbruggen et al. 1986). Hollows 
with linear entrances were also observed to form where long fire scars on the main stem 
had been partially occluded.
Fire scars forming a hollow at the base of the main stem occurred in 16% of all trees. 
Fire scars form as a result of death to part of the cambium from high temperatures caused
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by ignition of fuel accumulated at the base of trees (Jacobs 1955, Vines 1968), or from 
the formation of a vortex on the leeward side of trees exposed to fires (Gill 1974). Small 
scars may be occluded, but a tree's susceptibility to additional scarring is enhanced for a 
considerable period after the initial fire scar has formed (Banks 1994). Repeated burning 
of scarred tissue either exposes, or leads to the formation of, a hollow in the main stem 
(Gill 1974). Fire scars forming hollows were more common in larger trees. Older trees 
are more likely to have been exposed to repeated fires and larger stems generate greater 
heat on their leeward side when exposed to fire (Gill 1974).
Hollows were more likely to be deeper - or at a more advanced stage of decay - if they 
had a large entrance width and occurred on a large, dead or partly dead branch (Figure 
7.4). Except for fissures and fire scars, the entry sizes of hollows are indicative of the 
diameter of branches previously shed, although some vertebrate species are capable of 
enlarging hollow entrances. Large entrances therefore suggest the prior shedding of 
larger branches. The capacity of trees to occlude branch stubs successfully decreases 
with the diameter of branches. In studies of Mountain Ash (E. regnans), branches 5-10 
mm in diameter had about a 65% chance of successful occlusion, whereas branches 20- 
25 mm in diameter had about a 25% chance of successful occlusion (Marks et al. 1986). 
The occlusion of branches was aided by the formation of a “brittle zone” at their base 
(Jacobs 1955). This brittle zone did not extend into heartwood (Marks et al. 1986). The 
ratio of heartwood to sapwood increases with branch diameter (Florence 1996), which 
may therefore inhibit the occlusion of larger branches.
Deeper hollows were more likely to occur in dead, or part-dead branches. There is a 
radial gradient of increasing resistance to decay from pith to sapwood (Perry et al. 1985), 
suggesting that either the distance from sapwood, or the time following the death of
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wood, may reduce the resistance of timber to decay. Alternatively, dead branches often 
had small fissures extending throughout the sapwood and heartwood. This exposes a 
greater surface area of timber to the actions of decay organisms. Fissures may also 
change the moisture content and degree of aeration of wood, which influences the 
process of decay (Rayner and Boddy 1988).
The development of hollows at the tree level
Trees with a large diameter and poorer form were those most likely to contain hollows 
(Figure 7.5). A positive relationship between dbh and the presence of hollows in trees 
has been reported consistently for many eucalypt species (Recher et al. 1980, Braithwaite 
et al. 1984, Mackowski 1984, Mackowski 1987, Newton-John 1992, Lindenmayer et al. 
1993b, Taylor and Haseler 1993, Bennett et al. 1994a, Soderquist and Lee 1994, 
Wormington 1996, Clode and Burgman 1997). A positive relationship has also been 
observed between the presence of hollows and trees of poorer form (Lindenmayer et al. 
1993b, Soderquist and Lee 1994).
The diameter of trees may influence the occurrence of hollows in a number of ways. Tree 
age and dbh are generally correlated (Richards et al. 1990, Woodgate et al. 1994, 
Stoneman et al. 1997), although a number of other variables such as competitive position 
has an important bearing on this relationship (Turner 1984). The age beyond which the 
growth increment of a tree culminates and begins to decline is associated with the 
shedding of major branches (Jacobs 1955, Mackowski 1987). As discussed previously, a 
major court of entry for decay-causing organisms occurs where branches have previously 
shed (Jacobs 1955, Marks et al. 1986). The rate of growth also slows with tree size 
which, in turn, impairs the ability of trees to occlude wounds (Jacobs 1955). The ratio of 
sapwood to heartwood decreases with the age of trees (Florence 1996), thereby leaving
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trees more vulnerable to the exposure of heartwood from wounding, which is more 
vulnerable to decay. Additionally, older trees are more likely to have been repeatedly 
exposed to events that can encourage the development of hollows, such as fire or 
windstorms.
Factors associated with the size of trees, rather than age, may also influence the 
occurrence of hollows. The risk of collapse was greater for trees with a small dbh and at 
an advanced stage of decay (Ossenbruggen et al. 1986, Raphael and Morrison 1987, 
Lindenmayer et al. 1990b, Morrison and Raphael 1993, Lindenmayer et al. 1997). 
Therefore, larger trees are more likely to provide hollows for longer periods than smaller 
stems.
Trees in physiological stress were more prone to developing hollows. For all tree species 
and values for dbh, the results from this study indicated that trees had the highest 
likelihood of containing hollows if dead, or exhibiting poor form (Figure 7.5). The 
exception was for trees in forms seven and eight with high values for dbh. Such trees 
often consisted of only a shell of former sapwood, or were partially collapsed to the 
extent that an enclosed hollow could no longer develop. For all values of dbh, trees were 
also more likely to contain hollows if under some form of growth restriction (Figure 7.6), 
which is also indicative of physiological stress. In stands of E. pilularis with a mean dbh 
of 24-47 cm, trees were more likely to have a column of decay associated with termite 
attack if growth-restricted (Greaves and Florence 1966). Physiological stress may 
predispose trees to attack by decay-causing organisms, although this could equally be 
symptomatic of decay. In studies of Manna Gum (.E. viminalis), Narrow-leaf Peppermint 
(E. radiata) and E. obliqua, bark thickness and sapwood cross-sectional area were 
observed to be negatively correlated with surrogates for physiological stress (Brack et al.
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1985). Trees with thin bark are more likely to be susceptible to damage from fire (Vines 
1968) and trees with thin sapwood more susceptible to wounds exposing the heartwood. 
Both processes are known to initiate decay (Wilkes 1982a, Perry et al. 1985), which may 
ultimately lead to the formation of hollows.
Age-estimates for trees with hollows
Both E. fastigata and E. obliqua were predicted to contain hollows at all ages, but the 
proportion of trees containing hollows increased with age (Figure 7.8). The estimated 
average age of trees with hollows for E. fastigata was 120-240 years and 180-240 years 
for E. obliqua. From studies in the Central Highlands of Victoria, E. obliqua was 
estimated to begin producing hollows at 110 years of age, with the number of hollows 
being at their greatest at approximately 430 years (Ambrose 1982). The latter figure was 
extrapolated from Ambrose's data set and should therefore be interpreted with caution. 
The oldest E. obliqua recorded in the study by Ambrose (1982) was approximately 330 
years of age. The wide range in predicted proportions of trees containing hollows in most 
age classes (Figure 7.8) illustrates that hollow development is not a deterministic process 
and that trees cannot be predicted to contain hollows with absolute certainty, except 
perhaps in the highest age classes.
Trees may commence producing hollows well before they begin producing hollows of a 
size that is suitable for occupancy by fauna. For E. pilularis, on the north coast of NSW, 
hollows occurred in trees older than approximately 40 years of age (Mackowski 1987). 
However, hollows suitable for occupancy by fauna did not occur in trees <144 years of 
age and hollows suitable for 'large' fauna did not occur in trees <224 years of age 
(Mackowski 1987). In south-east Queensland most E. pilularis between 145 and 164 
years of age contained small hollows, and it was estimated that this species began
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producing hollows suitable for occupancy by fauna in trees >165 years of age 
(Wormington 1996). Tallowood (E. microcorys) began developing hollows at 
approximately 170-200 years and Scribbly Gum (E. signata) at 200-235 years 
(Wormington 1996). The largest hollows in these species were formed at approximately 
250 and 300 years respectively (Wormington 1996). In Western Australia the estimated 
mean age of trees with hollows used by two species of possum was 403-538 years for 
Jarrah (E. marginata) and 277-399 years for Marri (E. calophylla) (Inions et al. 1989). 
According to data in a later study by Stoneman et al. (1997), the ages reported by Inions 
et al. (1989) for E. marginata were over-estimates. In the study by Stoneman et al. 
(1997), estimates for the age at which Jarrah produced hollows suitable for a range of 
parrot species were between 120-212 years, although these were predominantly 
calculated using the maximum growth rates of E. marginata. In South Gippsland, 
Victoria, Mountain Ash (E. regnans) used as nesting sites by the Yellow-tailed Black 
Cockatoo (Calyptorhynchus funereus) were estimated to be 162-359 years of age (Nelson 
and Morris 1994). E. regnans was observed to develop hollows as early as 120 years 
(Ambrose 1982).
Variation in number o f trees with hollows between sites
Site level variables generally did not have a significant effect on the number of trees with 
hollows. A significant relationship (although weak) only occurred between the number of 
trees with hollows on a site and the basal area of living eucalypts (Table 7.8). In the 
Central Highlands of Victoria, the number of hollows in trees was associated with 
topographic position, stand age, slope angle, the dominant species of eucalypt, 
geographic region, latitude and logging history (Lindenmayer et al. 1991b, Lindenmayer 
et al. 1993b). In a drier region of Victoria, with a different suite of eucalypt species, the
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number of trees with hollows was associated with the number of large stems in the stand, 
the dominant tree species and mean annual rainfall (Bennett et al. 1994a).
It is difficult to draw meaningful comparisons between the results of this study and those 
of Bennett et al. (1994a), Lindenmayer et al. (1991b) and Lindenmayer et al. (1993b). 
These studies were undertaken on sites with a history of logging, which may have a 
greater influence on the number of trees with hollows than other environmental factors 
(Lindenmayer et al. 1991b, Bennett et al. 1994a, Gibbons and Lindenmayer 1997b). 
Measures indicative of the number of large trees in the stand were significant variables 
common to each of the four studies, reflecting the strong influence of tree-diameter on 
the presence of hollows in individual trees. Forest type was a significant variable 
common to the previously published studies. The process of hollow formation has been 
shown to vary among certain tree species (Lindenmayer et al. 1991b, Lindenmayer et al. 
1993b, Bennett et al. 1994a, Wormington 1996, Clode and Burgman 1997), although 
Bennett et al. (1994a) noted that their results may have been confounded in this respect 
because of variation in the intensity of timber harvesting that occurred with forest type.
Implications for forest management
Eucalypt forests managed for timber production are typically logged on a rotation that is 
shorter than the average period required for eucalypts to form hollows suitable for 
occupancy by vertebrate fauna (Ambrose 1982, Mackowski 1984, Nelson and Morris 
1994). Perpetuating a hollow resource on logged sites therefore requires the retention of 
extant trees with hollows as well as trees likely to develop hollows in the future. 
Identification of suitable stems that are likely to develop hollows should therefore 
interest to forest managers.
137
The results in this study indicated that all trees >20cm dbh, regardless of species or dbh, 
were capable of developing hollows (figures 7.5 and 7.9). Although the proportion of 
trees with low values for dbh that contained hollows was small, stands typically contain a 
large number of these stems as a result of early rapid self-thinning (e.g. Westoby 1984). 
Young stands may therefore support a considerable number of trees with hollows. 
However, these hollows are likely to be ephemeral, as small, dead stems were rarely 
observed outside young, even-aged cohorts of trees. It has been widely reported that the 
standing-life of dead trees increases with diameter (Keen 1955, Raphael and Morrison 
1987, Lindenmayer et al. 1990b, Gibbons 1994a), as does the number of vertebrate 
species capable of occupying hollows in such trees (see Chapter 9). Managers should 
therefore focus on providing hollows that occur in large trees. Such trees are likely to 
have a longer standing life relative to smaller stems and provide hollows suitable for a 
wider range of vertebrate fauna.
Although larger trees, on average, appear to be more favourable for retention, a diversity 
of hollow sizes may be maximised by perpetuating a diversity of tree sizes, or trees in 
different stages of senescence. Hollows with small entrances (2-5 cm) occurred in 
hollow-bearing trees of all sizes, but were most likely to occur in trees with a small dbh. 
Hollows with large entrances (>10 cm) were more likely to occur in trees with a large 
dbh. The proportion of hollow-bearing trees containing hollows with medium-sized 
entrances (5-10 cm) increased slightly with dbh. These results followed an almost 
identical pattern to those of Bennett et al. (1994a), and a similar pattern to those of 
Mackowski (1984) and Newton-John (1992). They may have important implications 
because many species are restricted to hollows with certain dimensions. Small species 
may only be able to occupy small hollows because of pressures associated with 
competition and predation (Chapter 4). Large species are restricted to those hollows in
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which they can physically enter (Chapter 4). As small and large hollows are not common 
to trees of any particular diameter class, hollow-bearing trees of different sizes should be 
retained.
Growth-restricted trees should not be chosen for recruitment purposes unless they have 
achieved a dbh in which the probability of hollow development is high (see Figure 7.5). 
Although growth restriction (suppression) appears to predispose trees to attack by decay 
(Greaves and Florence 1966, Rayner and Boddy 1988) (Figure 7.6), most trees with 
hollows occurred as dominants or co-dominants in a stand. This was because the majority 
of suppressed trees did not become large enough (in dbh) to produce suitable hollows 
(Figure 7.6). Hollows in small trees are less likely to be suitable for occupancy by fauna 
(see Chapter 9).
Once trees attain sufficient diameter, the proportion that contain hollows is likely to 
increase if the tree is weakened physiologically. Fires of low or moderate intensity may 
affect trees in this way. In montane ash forests, trees that had survived intense fires were 
most likely to contain multiple hollows, but intense fires killed a large number of stems, 
which were more prone to collapse than living trees (Lindenmayer et al. 1990b, 
Lindenmayer et al. 1993b). Repeated burning of low intensity is likely to accelerate the 
rate at which dead trees collapse (Lamb et al. 1998).
Alternatively, trees identified for recruiting hollows into a stand can be manipulated to 
develop a heavy branching habit. Marks (1986) found that defect in the bole associated 
with incomplete branch occlusion was more likely to occur in stands in which trees were 
widely spaced. The selection of trees with a heavy branching habit, and the retention of 
these trees as isolated stems on logged sites, is likely to encourage the development of
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large branches. Larger branches were more likely to contain hollows suitable for 
occupancy by vertebrate fauna (see Chapter 4).
Dead trees represented 18.5% of all trees with hollows in unlogged forest. A similar 
figure was reported in a study conducted on the northern plains of Victoria (Bennett et al. 
1994a). A wide range of vertebrate fauna use hollows in dead trees (Lindenmayer et al. 
1990a, Adam-Gates 1996, Gibbons and Lindenmayer 1997a), with some species showing 
a preference for this resource (Taylor and Savva 1988). Contemporary silvicultural 
practice in Australia encourages the elimination of dead trees from logged sites, whether 
this be for safety reasons or indirectly through the use of fire to encourage regeneration 
and reduce fuel loads. If such issues were resolved, large numbers of these stems could 
be retained on logged sites with limited negative impact on the regenerating stand 
(Shepherd 1957). However, dead trees should not be viewed as a replacement to living 
stems because they cannot be relied upon to persist for the period of the logging rotation 
(Lindenmayer et al. 1990b). In Alpine Ash (E. delegatensis) forest, approximately 25% 
of trees killed by ringbarking on one site had fallen after 14 years, with most having 
fallen after 40 years (Shepherd 1957).
Accelerating hollow development
As forests are managed on rotations shorter than the period required for new trees with 
hollows to form (see Chapter 2), accelerating the development of hollows is of interest to 
forest managers. In North America, an acceleration of hollow development in trees has 
been attempted with the use of explosives, poisons, girdling, topping by chainsaw, 
pheromone application and the inoculation of trees with decay-causing fungi (Sanderson 
1975, Connor et al. 1981, Bull and Partridge 1986). In a comparison of these techniques, 
topping with a chainsaw created trees most suitable as nest sites because it killed trees
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rapidly and resulted in the lowest rate of tree fall (Bull and Partridge 1986). Bull (1997) 
later noted that techniques involving inoculation of trees with fungi may be more 
effective because hollow formation is initially localised, the tree remains living and is 
therefore likely to remain standing for a longer period of time.
Similar techniques may be applicable to eucalypts. The results from this study indicated 
that dead, or unhealthy, trees had the greatest probability of containing hollows for all 
values of dbh (Figure 7.5). Eucalypts can be readily killed by ringbarking (Shepherd 
1957), or the application of herbicides (Whitford et al. 1995). Dead trees were more 
likely to develop hollows with increasing values for dbh. For example, approximately 
20% of trees in forms 3-6 and with a dbh of 50cm were predicted to contain hollows, 
whereas this proportion was 80% for trees with a dbh of around 100cm (Figure 7.5), 
indicating that this treatment should be applied preferentially to larger trees. Trees with 
large diameters also remain standing for longer periods (Lindenmayer et al. 1990b). As 
suggested by Bull (1997) in reference to North American softwoods, techniques aimed at 
accelerating hollow development may be more effective if they do not kill the tree 
because living trees generally have a longer standing life than dead trees. Partial canopy 
death of E. viminalis and Mountain Gum (E. dalrympleana) was observed two years after 
sub-lethal poisoning with herbicide (Ryan 1996). Again, trees should be treated only if 
they have reached a size in which suitable hollows are likely to form and these hollows 
are likely to be suitable for occupancy. There was a positive relationship between the dbh 
of living trees with hollows and their probability of being suitable for occupancy by 
vertebrate fauna (Chapter 9).
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7.5 Conclusions
The process of hollow formation in eucalypts varies according to a range of factors. 
Hollows form in association with the breakage, or death, of branches, the splitting of 
wood associated with movement of the tree, or as a result of direct excavation by fire. 
Decay in adjacent heartwood is a necessary pre-condition. On average, trees were more 
likely to contain hollows when they were older and larger (as measured by dbh). 
However, the physiological condition of trees, regardless of size or age, appeared to 
predispose them to developing hollows. Site level variables did not appear to have a 
profound effect on this process. The results of this study suggest that the formation of 
hollows in eucalypts can be accelerated, although the observation that many species have 
a requirement for hollows that only occur in large trees will be a limiting factor.
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Chapter 8
Mortality and collapse of trees retained on logged sites
Abstract
Trees are retained on logged sites in eucalypt forest for a number o f reasons: as a source 
o f seed for regeneration; for future wood production; and as wildlife habitat. Mortality 
and collapse among trees retained on logged sites was compared between East 
Gippsland, Victoria and south-eastern New South Wales up to the period 2-4 years after 
logging. Logged sites in East Gippsland were treated with a high-intensity post-logging 
burn to reduce wild-fire risk and facilitate regeneration. Logged sites in south-eastern 
New South Wales were treated with a low-intensity burn for the same reasons. In East 
Gippsland, an average o f 41% (± 4%) o f retained trees had died on logged sites 
compared to 14% (± 2%) in south-eastern NSW. The rate of collapse of retained trees 
over the same period averaged 1.6% (± 0.6%) and 1.1% (± 0.8%) respectively. The type 
o f silvicultural system was the most significant variable in logistic regression models 
predicting mortality and collapse. Most trees (63%) were killed by fire, indicating that 
the intensity o f the post-logging burn was the most important difference between 
silvicultural systems. Protection o f advanced growth, the capacity o f logged stands to 
regenerate after wild-fire and measures intended to perpetuate hollows for vertebrate 
fauna will be compromised where high-intensity post-logging burns are employed.
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8.11ntroduction
In addition to providing hollows for fauna, trees are retained on logged sites in eucalypt 
forest to fulfil many purposes: foraging substrate for fauna; a source of seed for 
regeneration; protection of the regenerating stand; and for future wood production. Trees 
may need to remain living for a considerable period after logging, or through multiple 
logging events, to meet these objectives.
Eucalypts take >150 years to develop suitable hollows (Mackowski 1984, Inions et al. 
1989, Nelson and Morris 1994), and stands are typically managed on rotations of 55-120 
years (Lindenmayer et al. 1990b, McKinnell et al. 1991, CNR 1993). Hollows can only 
be perpetuated if trees retained for this purpose remain living and standing through 
multiple logging events. Seed-trees retained to promote regeneration will be most 
effective if they survive until the regenerating stand carries a suitable seed crop, which 
could be as long as 20-40 years (Florence 1996). Stands managed in this way will retain 
the capacity to regenerate naturally if a wild-fire occurred in this period. Trees may also 
be retained for their future wood production potential. This is practiced not only in 
selection logging systems, but also modified clearfelling regimes in which advanced 
growth and trees with potential for future increment may be reserved (SFNSW 1994).
Few studies have examined the effects of silvicultural practice on the attrition of retained 
trees on logged sites in eucalypt forest. In lowland sclerophyll forest in East Gippsland, 
the mortality rate among trees retained following logging was 24% over a five-year 
period (Featherston 1983). In south-eastern NSW, 87% of retained trees had been killed 
12 months after logging and a subsequent wild-fire (Braithwaite et al. 1984). In a study 
of factors influencing the collapse of living trees retained on logged sites in East 
Gippsland, many of the significant variables were associated with fire (Gibbons 1994a).
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Many silvicultural systems employed in eucalypt forest include burning as a component, 
sometimes at high intensity (McKinnell et al. 1991). In this chapter, the rates of mortality 
and collapse were examined among trees retained on logged sites 2-4 years following 
silvicultural treatment. Two silvicultural systems in adjacent forests were compared: (1) 
sites logged in East Gippsland, Victoria, which were treated with a high-intensity post­
logging bum; and (2) sites logged in south-eastern NSW, which were treated with a low- 
intensity post-logging bum.
8.2 Methods
Study area
The study was undertaken in mixed-species eucalypt forests which straddles the border 
between East Gippsland, Victoria and south-eastern New South Wales, Australia 
(36o50’-37ü50’S and 148°20’-150°00’E) (Figure 3.1). The study area and environmental 
domain sampled is described in Chapter 4.
Stratification
The study area was stratified according to a range of variables that may affect damage 
sustained to trees by fire: silvicultural system, slope, topographic position and forest 
type. Two silvicultural systems were sampled: sites logged in East Gippsland, Victoria 
and treated with a moderate to high-intensity post-logging bum (CNR 1993) (Figure 8.1); 
and sites logged in adjacent forest in south-eastern NSW, which were treated with low- 
intensity post-logging fire (SFNSW 1994). Only sites harvested and burnt between 1992 
and 1994 were sampled. Slope was divided into two classes, 0°-15° and >15°, and 
topographic position also into two classes (upper and lower). This was because fire
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behaves differently according to the steepness and position on the slope (Cheney 1981). 
The two forest types sampled were: (1) dominated by Brown Barrel {Eucalyptus 
fastigata), usually with Messmate {E. obliqua) as the sub-dominant tree species; and (2) 
dominated by E. obliqua, usually with Mountain Grey Gum {E. cypellocarpa) as the sub­
dominant tree species. These were identified using an agglomerative hierarchical 
clustering procedure (Mueller-Dombois and Ellenberg 1974), from counts of tree species 
in 45 unlogged plots (each 0.2ha) (see Chapter 4). All sampling occurred between 
November 1996 and September 1997.
The measured variables
At least three plots, each measuring Ilia, were randomly located in each of the 16 strata 
(i.e. silvicultural system [x2], slope [x2], topographic position [x2] and forest type [x2]). 
Plots were located only within the net logged area, i.e. unharvested areas within logging 
coupes, such as riparian zones, were not sampled. In each plot a range of variables for 
each tree >20cm dbh was measured (Table 8.1). Whether dead trees had died prior to 
harvesting was assessed for each tree. This was a subjective assessment based on the size 
of persistent branchlets, the presence of dead epicormic growth, the condition of the bark 
and the condition of the wood where any stem, or branch breakage had occurred. For 
collapsed trees, the position of the tree relative to timber cut as part of the harvesting 
operation was also used in this assessment. Where there was any uncertainty regarding 
the timing of death, it was assumed the tree had died prior to the harvesting operation and 
was not included in the analysis. If trees were judged to have died subsequent to the 
harvesting operation an assessment was made as to whether the cause of death was 
associated with the post-logging regeneration bum. This was based on blackening of the 
bole and the degree of recent fire scarring.
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Table 8.1. Variables measured for each 1 ha plot established on logged sites.
V a riab le D efin ition
fo res t ty p e e ith e r E. fa s t ig a ta -d o m in an t o r E. o b liq u a -d o m in a n t (se e  tex t)
s ilv icu ltu ra l system th e  d o m in an t s ilv icu ltu ra l system  e m p lo y e d  in: (1 ) so u th -e as te rn  N S W , o r (2 ) E ast 
G ip p slan d , V ic to ria
slo p e m easu red  w ith  a c lin o m ete r  in d eg rees
geo lo g y e ith e r O rd o v ic ian  se d im e n ts  o r D ev o n ian  g ra n ito id s  id en tif ie d  w ith  th e  u se  o f  
p u b lish ed  m ap s (C F L  1989, S F N S W  1994) and  v e rif ied  in  th e  f ie ld
asp ect azim uth  w as m ea su re d  w ith  a  c o m p a ss  in d eg rees
p o s itio n  on  slo p e the  p o sitio n  o f  th e  p lo t in th e  lan d scap e : (1 ) up p e r; (2 ) lo w e r
trees w ith  h o llo w s the  n u m b er o f  trees w ith  h o llo w s w ith  a m in . e n tra n ce  w id th  >  2cm  v is ib le  fro m  the  
g ro u n d
fa llen th e  n u m b er o f  trees th a t w e re  ju d g e d  to  h a v e  fa llen  p o st- lo g g in g ; a  tree  w as ju d g e d  to  
h av e  fa llen  i f  < 3m  tall, it lay  on  to p  o f  saw n  m a te ria l, th e  sp lin te re d  w o o d  w as fresh  
and  u n b u m t in re la tio n  to  the  b o le , o r  b ra n ch le ts  p e rs is ted  in th e  c ro w n
m o rta lity th e  n u m b er o f  trees th a t w ere  ju d g e d  to  h a v e  d ied  fo llo w in g  lo g g in g  (se e  d iscu ss io n  
in tex t)
c au se  o f  d eath an a ssessm en t w as m ad e  as to w h e th e r  th e  tree  h ad  b een  k ille d  b y  fire  o r d am ag e  
asso c ia ted  w ith  h a rv estin g  ac tiv ities
basal a rea th e  basa l a rea  ov e r bark  (m 2 h a 1) o f  tree s  ju d g e d  to  b e  liv in g  on  th e  s ite  im m e d ia te ly  
a f te r  logg ing
skew th e  skew  o f  th e  d iam e te r  d is trib u tio n  o f  trees o c cu rrin g  on  th e  s ite , a  n e g a tiv e  v a lu e  
is in d ica tiv e  o f  a stan d  d o m in a ted  b y  sm all tree s and  a  p o s itiv e  v a lu e  su g g e s ts  a  stan d  
d o m in a ted  by  la rg e r trees
Statistical analysis
Using logistic regression (McCullagh and Neider 1989), the mortality of trees and 
collapse of trees were examined for their relationships to the measured variables. Data 
were aggregated to the plot-level, so the model could be specified with one error term. 
The process of model selection was similar to that described by Nicholls (1989). 
Uncertainty associated with these predictions was indicated by standard errors for the 
parameter estimates and 95% confidence intervals for the predicted values.
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Figure 8.1. Retained trees in East Gippsland, before and after the post-logging burn.
8.3 Results
A total of 1714 trees was measured on 57 x 1 ha plots. Figure 8.2 shows the size-class 
distribution of all trees occurring on logged sites in south-eastern NSW and East 
Gippsland. The mean basal area (m2 h a ') of trees judged to be living on logged sites 
immediately following the logging operation, and 2-4 years after logging is provided in 
Table 8.2. The mean basal area of trees judged to be living immediately after logging was 
not significantly different between the two silvicultural systems (p=0.76; one-way 
ANOVA). However, the diameter distribution of trees retained on logged sites varied 
between the two silvicultural systems, with sites in south-eastern NSW supporting more 
trees in the 20-30cm dbh-class (Figure 8.2).
Table 8.2. A comparison of the mean basal area (± standard error) of eucalypts judged to be 
living immediately after the harvesting operation and eucalypts surviving 2-4 years following 
harvesting. Figures are given for the dominant silvicultural system employed in south­
eastern NSW and East Gippsland, Victoria respectively.
S ilv icu ltu ral system B asal area  ( n f  h a 1) B asal area  (m 2 h a 1) 2-4
im m ediately  after logging years a fte r logging
sou th -easte rn  N S W 8.93 ± 0 .9 1 7.93 ±  0.89
E ast G ippsland 9.32 ± 0 .9 8 6.09 ±  0.83
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Figure 8.2. Frequency histograms of the size-class distributions of trees occurring on logged 
sites in south-eastern NSW and East Gippsland. The solid shading represents trees judged to 
have died 2-4 years following logging. Data were taken from 50 x 1 ha plots, 25 in each of 
south-eastern NSW and East Gippsland (i.e. this was a sub-set of the data used in the 
analyses).
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Mortality of retained trees
The mean proportion (± standard error) of trees that died on logged sites up to the period 
2-4 years after logging was 0.14 ± 0.02 in south-eastern NSW and 0.41 ± 0.04 in East 
Gippsland. The significant explanatory variables used in a logistic regression model to 
predict the proportion of trees killed on logged sites after harvesting were: silvicultural 
system; the basal area of standing trees on the site; and aspect (Table 8.3). Basal area was 
calculated for trees judged to be living immediately after the logging operation. Mortality 
was predicted to be greatest on logged sites in East Gippsland with a northerly aspect and 
where the basal area of retained trees was low (Figure 8.3). However, the dispersion 
parameter (residual mean deviance) for this model was high, indicating considerable 
inter-site variability in the proportion of trees killed. The relative significance of each of 
these explanatory variables was assessed by modelling them individually. The highest 
deviance was obtained for a model in which silvicultural system was the sole explanatory 
variable. Therefore, most of the observed mortality could be attributed to the type of 
silvicultural system. None of the other variables (forest type, geology, slope, position on 
the slope, or diameter-class distribution) were significant variables in the analysis.
Table 8.3. The parameter estimates and standard errors (S.E.) for a logistic regression model 
of the significant explanatory variables influencing the proportion of retained living trees 
that killed on logged sites 2-4 years following logging. Because the data were based on 
comparisons for categorical variables, some values are zero by definition.
V ariab le E stim ate S.E. Sign.
C onstan t 0.115 0.238 -
silv icu ltu ra l system  (sou th -eastern  N SW ) 0 - -
silv icu ltu ra l system  (E ast G ippsland) 1.267 0.146 p O .0 0 1
basal area -0.109 0.017 /?<0.001
no rth  aspect 0 - -
east aspect -0.992 0.219 pcO.OOl
south  aspect -1.052 0 .230 /K 0 .0 0 1
w est aspect -1 .330 0 .276 /?<0.001
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Figure 8.3. Effects of the significant explanatory variables used in a logistic regression model 
of the factors affecting the proportion of retained trees killed 2-4 years after logging. The 
graph indicates changes in the rates of mortality with: (A) silvicultural system (south-east 
NSW and East Gippsland); (B) basal area; and (C) aspect. Error bars are 95% confidence 
limits. In each chart the other variables are held at their mean values.
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The cause of mortality was assessed for each tree judged to have died in the period 2-4 
years following logging. Most trees (63.3%) were killed by the post-logging regeneration 
bum. There were 13.8% of all dead trees killed by severe damage to the stem, either 
sustained to trees during the logging operation or as a result of wind damage. The cause 
of death for the remaining 22.9% of trees could not be determined.
Collapse of retained trees
The mean proportion (± standard error) of trees that had collapsed 2-4 years following 
logging, and the application of a post-logging regeneration bum, was 0.011 ± 0.008 for 
sites logged in south-eastern NSW and 0.016 ± 0.006 for sites logged in East Gippsland. 
Silvicultural system was the sole significant explanatory variable in a logistic regression 
model predicting the proportion of trees likely to collapse in the period 2-4 years 
following logging and regeneration burning (Table 8.4). The model indicated that trees 
on logged sites in East Gippsland were likely to collapse at a higher rate than trees on 
logged sites in south-eastern NSW (Figure 8.4).
Table 8.4. The parameter estimates and standard errors (S.E.) for a logistic regression model 
of the significant explanatory variable influencing the proportion of retained living trees that 
had collapsed on logged sites 2-4 years following logging. Because data are based on 
comparisons for categorical variables, some values are zero by definition.
V ariab le E stim ate S.E. Sign.
C onstan t -6.48 1.05
silv icu ltu ra l system  (sou th -eastern  N SW ) 0 - -
silv icu ltu ra l system  (E ast G ippsland) 1.15 0.59 p = 0 .0 2 5
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Figure 8.4. Effects of the significant explanatory variable (silvicultural system) used in a 
logistic regression model to predict the proportion of living trees retained on logged sites that 
had collapsed 2-4 years following logging. Error bars are 95% confidence intervals.
8.4 Discussion
Mortality among retained trees
The type of silvicultural system was the most significant variable explaining differences 
in tree mortality between logged sites. Most trees (63.3%) had died from fire damage, 
suggesting that the intensity of the post-logging bum was the most important difference 
between silvicultural systems. Logged sites in the study area are routinely burnt soon 
after the completion of harvesting. In south-eastern NSW, logged areas are generally 
treated with a low-intensity fire in which only the fine fuels are burnt (SFNSW 1994). In 
East Gippsland, logged areas are typically treated with moderate to high-intensity post­
logging fire (CNR 1993), which scorches the crowns of most retained trees (Figure 8.1).
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Trees were more likely to be killed on sites with a northerly aspect and a low basal area 
of retained living trees (Figure 8.4). Sites with a northerly aspect are drier and, in turn, 
support higher intensity fires than sites on other aspects. Basal area may be negatively 
correlated with fire intensity, as sites on which a large number of trees were retained are 
more likely to contain stems retained for other purposes - and are more likely to be 
protected from fire. Also, the greater number of trees that are retained is likely to 
correspond with less logging slash, and therefore lower fuel loads, at ground level.
Although most trees were killed by fire, there are a number of other possible causes of 
mortality among trees retained on logged sites. A large proportion of all dead trees 
(13.8%) were killed by damage to the stem. This may have been as a result of damage 
sustained to trees during the logging operation or as a result of wind damage. A reduction 
in crown density is likely to exacerbate wind damage to trees (Savill 1983). For a number 
of other stems, the cause of mortality could not be determined. A sudden increase in 
water potential around trees removed from dense stands may cause embolisms to form in 
xylem tissue, thereby causing mortality (Franks 1992). Exposed trees may also be more 
vulnerable to attack by parasites (Raphael and Morrison 1987), such as Cinnamon 
Fungus (Phytophthora cinnamomi) (CNR 1993) and mistletoes {Amyema spp.) (SFNSW 
1994).
The data provide little indication of mortality rates among trees retained on logged sites 
for periods >5 years following logging. The long-term annual rate of mortality among 
retained trees is likely to be considerably lower than observed in this study. However, 
there are likely to be pulses in mortality with other disturbances such as wild-fire 
(Braithwaite et al. 1984a), wind storms (Gibbons 1994a), fuel-reduction burning (Debus 
and Chafer 1994) and return cutting cycles such as thinning operations (CNR 1993).
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Collapse of retained trees
The type of silvicultural system was the significant variable in a model predicting the 
collapse of retained trees following logging. In a study examining factors associated with 
the collapse of trees retained on logged sites in East Gippsland, many of the significant 
variables were associated with damage sustained from the post-logging regeneration fire 
(Gibbons 1994a). Fire predisposes trees to collapse by accelerating the development of a 
hollow pipe in the main stem. The formation of this hollow pipe is either as a result of 
direct excavation by fire (Gill 1974), or from fire damage exposing heartwood to attack 
by decay-causing organisms (McCaw 1983, Perry et al. 1985). Using engineering 
mechanics, it has been shown that the failure of hollow tubes is related to the ratio of the 
tube's wall thickness to the tube's total radius (Mattheck et al. 1995). This relationship 
has been applied to a number of tree species, including several species of eucalypt. In 
most collapsed trees, the ratio of solid wood to total radius was below 0.35 (Mattheck et 
al 1995). This relationship was confirmed for the tree species examined in this study 
using data collected on logged sites (Figure 8.5). This relationship does not hold where 
more than half of the girth of a tree has been removed, (e.g. by fire-scarring), in which 
case the tree is likely to fail by simple bending fracture (Mattheck et al. 1995).
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Figure 8.5. The ratio of sound wood (t) to radius (R) calculated for living trees with a hollow 
pipe measured on logged sites. The broken line is the value below which trees are predicted 
to snap (Mattheck et al. 1995).
Many of the trees killed in the period 2-4 years after logging are likely to fall before the 
end of the logging rotation. In Alpine Ash (E. delegatensis) forests of southern NSW, 
trees retained on logged sites that were killed by ringbarking began collapsing 
approximately 10 years following treatment, with approximately 25% having fallen on 
one site after 14 years (Shepherd 1957). On another site, most ringbarked trees had fallen 
40 years after treatment, whereas comparatively few had collapsed over the same period 
in a nearby area (Shepherd 1957). From data collected over a 30-year period in beetle- 
killed Ponderosa Pine (Pinus ponderosa) stands in Oregon and California, the percentage 
of standing dead trees that fell was 7%-14% after the first five years, increasing to 88% 
after 15 years, with 90% having fallen after 30 years (Keen 1955). The rate of tree-fall 
therefore peaked in the period 5-15 years after beetle attack.
157
Management implications
A high rate of mortality among trees retained on logged sites is likely to compromise a 
number of objectives associated with sustainable forest management. Eucalyptus 
seedlings can begin producing seed as early as 10 years of age, but most commercial 
species will not produce seed in quantity until 20-40 years of age (Florence 1996). The 
mortality rate observed among trees retained on logged sites over the first 2-4 years 
following logging and burning suggests that sites treated with a low intensity post­
logging bum are more likely to retain the capacity to regenerate naturally in this period 
should the stand be burnt by wild-fire.
An objective of high intensity post-logging fire may be to kill unwanted over-wood and 
thereby reduce competition to the regenerating stand (Incoll 1979, Rotheram 1983, Bi 
and Jurskis 1996). However, the rate of mortality did not differ significantly with the 
age-class distribution of trees retained on logged sites, indicating that stems with future 
growth potential will also be killed using this strategy. The accumulated growth 
increment in these trees will therefore be forgone. Where trees are retained for future 
increment, mortality among retained trees will influence sustainable yield calculations.
Trees with hollows are retained to provide habitat for wildlife on logged sites throughout 
Australia (Gibbons and Lindenmayer 1997b, 1997c, 1997d). The average age of hollow­
bearing trees in the study area was 120-240 years for E. fastigata and 180-240 years for 
E. obliqua (Chapter 5). Age estimates for other species of Eucalyptus containing hollows 
suitable for occupancy by hollow-using fauna are generally >150 years (Mackowski 
1984, Inions et al. 1989, Nelson and Morris 1994). Trees with hollows and trees intended 
to provide hollows in the future must remain standing for considerable periods of time. 
Natural eucalypt forests are typically managed on a rotation of 55-120 years
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(Lindenmayer et al. 1990b, McKinnell et al. 1991, CNR 1993), so these trees must 
remain standing through multiple logging events for the hollow resource to be 
perpetuated. High rates of mortality among trees retained on logged sites will reduce the 
likelihood of this objective being achieved.
Post-logging bums are employed on logged sites in eucalypt forest for two main reasons: 
(1) to prepare a suitable seedbed for germination; and (2) to reduce fuel loads associated 
with logging. A high intensity post-logging bum is seen as an appropriate method for 
limiting competition between eucalypt seedlings and understorey plants on moist sites 
(Florence 1996). Despite the use of high-intensity post-logging fire, regeneration failures 
on logged sites at high elevations in East Gippsland remain a concern (Ferguson et al.
1996) . Until recently, timber harvesting in East Gippsland has seen the removal of only 
sawlog material from logged sites - as little as 20% of the wood volume (Anon. 1996). 
Advanced growth and unmerchantable stems that would otherwise be utilised as 
pulpwood in south-eastern NSW were largely culled as part of silvicultural treatment and 
left in situ. A high intensity post-logging bum is seen as an appropriate method for 
reducing this volume of felled material (CFL 1989). An export volume constraint on 
woodchips sourced from East Gippsland has since been removed (Howard and Kennett
1997) , suggesting smaller volumes of felled material will be retained on logged sites in 
the future.
A number of alternatives to high-intensity post-logging fire can be employed on logged 
sites. Low-intensity post-logging fire, which can be achieved either through a tailored 
fire-lighting pattern, or according to the time of the year that the fire is ignited, is 
routinely used to treat all forest types in south-eastern NSW (SFNSW 1994). Eucalypt 
forest regenerates reliably using mechanical disturbance of the soil. Indeed, logged sites
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in East Gippsland which do not regenerate sufficiently after the post-logging bum, are 
frequently treated in this way (CNR 1993). In Tasmania, high elevation sites dominated 
by E. delegatensis were once treated in a similar way to East Gippsland (i.e. clearfelling 
and broad-cast fire). However, ongoing regeneration failures and seedling 'growth-check' 
associated with cold wind, frost and competition from understorey species led to the 
introduction of a shelterwood system (Ellis and Lockett 1991). Alternatives such as these 
should be investigated on sites which continue to be treated with a high-intensity post­
logging bum.
The results also confirm the value of introducing measures to protect retained trees from 
post-logging fire. A number of prescriptions employed for the conservation of hollow­
using fauna in eastern Australia specify the distance around which retained trees must be 
cleared of logging slash (e.g. DUAP 1994). However, these guidelines are absent from 
areas where they are required the most, i.e. where logged sites are treated with a high- 
intensity post-logging fire (Chapter 3). In wet forests of Tasmania, trees with hollows are 
clumped on the perimeter of logged sites to afford them some protection from high- 
intensity post-logging fire (Taylor 1991). However, a clumped distribution of trees with 
hollows is likely to have a detrimental effect on populations of hollow-using fauna 
(Chapter 2).
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8.5 Conclusions
High-intensity post-logging fire results in high rates of mortality among trees retained on 
logged sites. The observed rates of mortality were likely to compromise a number of 
objectives associated with retaining trees, such as future wood potential and perpetuating 
hollows. High-intensity broad-cast burning, therefore, should not be employed where 
retained trees must remain living to meet these objectives. Alternatives that can be used 
to treat logged sites, either for the purposes of obtaining regeneration, or reducing fuel 
loads, include: low-intensity burning, such as is practised in south-eastern NSW, or 
mechanical disturbance, such as is used on sites where regeneration has initially failed.
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Chapter 9
Perpetuating hollow-bearing trees on logged sites
Abstract
Perpetuating hollow-bearing trees on logged sites requires an understanding o f the long­
term dynamics o f stands. Such is the period before eucalypts develop suitable hollows 
( ~  150-200 years), that their loss must be synchronised with their replacement over 
multiple logging rotations. A simulation model was used in this study to estimate the 
number o f hollow-bearing trees perpetuated on logged sites under different forest 
management scenarios. The simulation model was parameterised with data on: the 
growth o f trees, the formation o f hollows in trees, the occupancy o f trees by vertebrate 
fauna and mortality rates among retained trees after logging. Under scenarios 
representing existing forest management practice, fewer trees with hollows were 
perpetuated than the number initially retained after logging, suggesting current practice 
should be reviewed. A stable number o f suitable hollow-bearing trees could only be 
perpetuated with a combination o f low post-logging mortality among retained trees, long 
rotations and a suitable ratio o f recruitment trees to extant trees with hollows. These 
variables interacted in a complex way in affecting the modelled outcomes. Extending the 
logging rotation was recommended as a suitable course o f action on sites which contain 
few trees with hollows as a result of past management practice.
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9.11ntroduction
Perpetuating trees with hollows on logged sites is a complex task. As outlined in 
previous chapters, suitable hollows take longer to form than the period between logging 
rotations. Perpetuating the hollow resource requires the loss of trees with hollows to be 
synchronised with their recruitment over very long time-frames and through multiple 
logging cycles.
The long-term dynamics of trees with hollows have been investigated using various 
forms of simulation modelling (Cline et al. 1980, Neitro et al. 1985, Raphael and 
Morrison 1987, Morrison and Raphael 1993, Ball et al. in press). Only two studies have 
examined the long-term dynamics of trees with hollows in eucalypt forests. A conceptual 
model for Blackbutt (Eucalyptus pilularis), based on a number of statistical relationships, 
was used to estimate the number and diameter distribution of trees required to perpetuate 
a specified abundance of trees with hollows (Mackowski 1987). A generic, deterministic 
model for the long-term dynamics of trees with hollows was developed from data 
collected in stands of E. regnans (Mountain Ash) (Ball et al. 1996, in press). This model 
had facility to investigate the effects of different forest management scenarios on the 
number of trees with hollows occurring on logged sites (Ball et al. 1996, in press). These 
models predicted that hollow-bearing trees could not be perpetuated at desired levels on 
logged sites unless additional stems, which did not contain hollows, were also retained. 
Fewer trees with hollows were perpetuated on sites managed under short logging 
rotations and where there was high post-logging mortality among retained trees (Ball et 
al. 1996, in press).
The objective of this chapter is to examine the long-term dynamics of trees with hollows 
on logged sites in East Gippsland, Victoria, and south-eastern NSW. It is a synthesis of
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data reported in chapters 4-8 of this thesis and explores the way in which results from 
different parts of this thesis interact. The chapter has three parts:
1. an introduction to a generic simulation model developed to examine the long-term 
dynamics of trees with hollows on logged sites;
2. a description of several statistical models and functions which were used to 
parameterise the simulation model; and
3. the results of a range of real, and theoretical, forest management scenarios on the 
numbers of trees with hollows perpetuated on logged sites.
9.2 Methods
1. The simulation model
A stochastic simulation model that tracked the number of hollow-bearing trees occurring 
on logged sites was developed for this study (Barry et al. unpublished). Only a brief 
description of the simulation model will be given here. A full account will be the subject 
of a separate publication. Instead, this chapter focuses on the parameterisation and 
application of this model to the retention of logged sites in East Gippsland and south­
eastern NSW. This model grew trees, tracked the number that formed hollows, calculated 
the proportion of retained trees that were suitable for occupancy by fauna, and killed and 
collapsed trees at specified rates. A flow-chart of the model is provided in Figure 9.1. 
The model included functions that enabled the length of the logging rotation, number, 
and size, of trees retained at each logging event, and whether dead trees were culled at 
each logging event, to be altered.
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Figure 9.1. Flow-chart of simulation model.
2. Data used to parameterise the simulation model
Data used to parameterise the simulation model were derived from studies conducted on: 
(A) the occupancy of trees by hollow-using fauna; (B) tree-growth; (C) hollow- 
development; and (4) mortality. Details of these studies were reported in chapters 4-8 of 
this thesis. As the simulation model tracked only the diameter increment of retained 
trees, most of the statistical models reported in chapters 4-8 of this thesis required 
modification (see below).
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Tree ages and growth rates
Ages and growth rates for E. fastigata and E. obliqua were estimated from measurements 
of 103 trees at five sites. The methods used to age these trees are detailed in Chapter 7. 
The median was used to summarise the ages of trees from 60-year classes. A relationship 
between age and dbh was developed for each tree species using linear regression. Growth 
rates for the different species were calculated from this relationship.
Mortality and collapse o f trees
Mortality among trees retained on logged sites 2-4 years after logging was calculated 
from measurements of 1714 trees retained on 57 logged sites (see Chapter 8). A function 
for mortality among retained trees between four years after logging and the end of the 
rotation could not be developed. The maximum longevity of E. fastigata and E. obliqua 
was estimated using a combination of existing dendrochronological data, and age- 
estimates reported in Chapter 7 of this thesis. As standing, dead trees provide hollows 
suitable for a range of fauna (Gibbons and Lindenmayer 1997a), once a tree was killed it 
was assumed that it may continue to provide hollows. There are no studies on the 
collapse of dead trees from the study area. A conservative estimate was therefore derived 
from studies conducted elsewhere.
Hollow formation
The probabilities of trees containing hollows was predicted using modified versions of 
the logit model reported in Chapter 7. Unlike the model reported in Chapter 7, the 
modified models contained only dbh as the significant explanatory variable and separate 
models were developed for E. fastigata and E. obliqua.
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Occupancy o f trees with hollows
Models predicting the probability of occupancy by fauna of trees with hollows were 
developed from observations of 228 hollow-bearing trees felled as part of timber 
harvesting operations. A modified model to that reported in Chapter 5 was developed, 
such that the occupancy of trees with hollows was predicted using dbh as the sole 
explanatory variable.
Statistical analyses
Relationships between age and diameter were modelled using linear regression. The 
general form of the equation for a linear regression model is,
Y= a  + ß X  + V\ (Equation 9.1),
where OC is the y-intercept, X  is the independent variable, ß  is the regression coefficient 
and T| is the error term. Diagnostic tests for linear regression models were undertaken to 
ensure that the residuals were homoscedastic and conformed with approximately normal 
(or symmetrical) distributions. Residuals were also examined to determine whether any 
of the data exhibited high leverage. Transformations were employed where any of these 
assumptions appeared to be violated.
Relationships between dbh and the probability of trees containing hollows or containing 
hollows suitable for occupancy were modelled using logistic regression. Here, the
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response variable is binary and the mean undergoes a logit transformation (McCullagh
and Neider 1989). The general form of the equation is,
logit(p) = loge
U - / V
= ß0 + ßlXl +  ... +ßnX„ (Equation 9.2),
where p  is the probability of an event occurring, Xn is the «th independent variable andß n 
is the regression coefficient for the nlh. independent variable. The process of selecting a 
suitable logit model was similar to that described in Nicholls (1989).
3. Scenarios explored using the simulation model
Once parameterised, the simulation model was used to compare a range of forest 
management scenarios, which differed according to: (1) the number and age-class 
distribution of trees retained after logging; (2) the mortality rates among retained trees 2- 
4 years following logging; (3) the period between logging rotations; and (4) the ratio of 
trees with hollows to trees without hollows retained on logged sites. Means were 
calculated from simulations run over 4000 years.
9.3 Results
1. The simulation model
All functions in the simulation model were probabilistic except the growth of trees, 
which was deterministic. Probabilities were introduced to the simulation model in a 
stochastic form, i.e. a number between zero and one was chosen randomly and compared 
with the specified probability figure. As the model was stochastic, results varied with
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each simulation. For simplicity, the simulation model tracked only the dbh of trees 
retained on logged sites. This variable was used, in turn, to predict the age of trees, the 
number of trees which developed hollows and the number of trees which developed 
hollows suitable for occupancy. Simulation was restricted to two tree species for which 
growth data were available: Brown Barrel (or Cuttail) (E. fastigata) and Messmate (E. 
obliqua). These tree species dominated the higher-elevation sites in the study area. The 
simulation model provided outputs on: the mean number of hollow-bearing trees 
occurring on logged sites over the course of the simulation; the mean dbh of these trees; 
and the mean number of these trees that were suitable for occupancy.
2. Data used to parameterise the simulation model
Tree-ageing and growth rates
Age was predicted from dbh for E. fastigata and E. obliqua using linear regression 
(Figure 9.2). The rate at which trees of different ages grew was derived from these 
relationships. The models were:
age (E. fastigata) = -9.712 + 1.352*dbh (R2 = 0.92) (Equation 9.3),
and
age {E. obliqua) = 8.381 + 1.545*dbh (R2 = 0.84) (Equation 9.4).
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Figure 9.2. The relationships between age and diameter for E. fastigata (top) and E. obliqua 
(bottom).
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Mortality and collapse
The probability of mortality among trees retained on logged sites in the period 2-4 years 
after logging averaged 0.14 for sites in south-eastern NSW and 0.41 for sites in East 
Gippsland (Chapter 8). As no data were available for mortality among retained trees in 
the period between four years after logging and the end of the rotation, this figure was set 
to zero.
Without precise data on the rate at which dead trees collapsed in the study area, this 
figure was set at /V(collapse)=0.05 per annum, which is equivalent to an average 
standing life for dead trees of 20 years. The model was parameterised so that dead trees 
did not survive logging events, although results were compared where dead trees were 
allowed to persist after logging.
The maximum longevity of E. fastigata was set to 400 years, which is the maximum age 
recorded for this species (Banks 1994). The maximum longevity E. obliqua was 
estimated to be 370 years by substituting the largest dbh measurement obtained for this 
species in this study (247 cm - from 819 measurements of this species) in Equation 9.4.
Hollow formation
The probabilities of trees containing hollows were predicted for E. fastigata and E. 
obliqua using dbh as the sole explanatory variable. For E. fastigata the model was:
logit (Pr tree contains hollows) = -18.11 + 3.621 *loge(dbh) (Equation 9.5).
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For E. obliqua the model was:
logit(/V tree contains hollows) = -21.57 + 4.544*loge(dbh) (Equation 9.6).
Predicted values and their 95% confidence limits for both models are provided in Figure 
9.3.
Occupancy o f trees with hollows
The probability of a living tree bearing hollows suitable for occupancy by hollow-using 
fauna was predicted from measurements of 228 living trees with hollows that were felled 
as part of logging operations (Chapter 4). The logistic model used to predict occupancy 
was,
logit(Pr tree is suitable for occupancy) = -1.507 4- 0.1664* f  dbh (Equation 9.7)
Predicted values and 95% confidence intervals for this model are provided in Figure 9.3. 
The probability of a tree with hollows being occupied by fauna did not differ 
significantly between tree species, so this model was used for both E. fastigata and E. 
obliqua.
Ill
E. fastigata
dbh (cm)
E. obliqua
dbh (cm)
Figure 9.3. Results of separate logistic regression models showing the effects of dbh on the 
probability of E. fastigata and E. obliqua containing hollows. Broken lines are 95% 
confidence intervals.
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Figure 9.4. Results of a logistic regression model showing the effects of dbh on the 
probability of trees with hollows being suitable for occupancy by hollow-using fauna. Broken 
lines are 95% confidence intervals. Values did not differ significantly between tree species, so 
this model was applied to all trees.
3. Scenarios explored using the simulation model
The simulation model was parameterised with data representing a range of different 
forest management scenarios. Scenarios differed according to: the ratio of hollow­
bearing trees to recruits retained on logged sites, the rate of post-logging mortality, the 
length of the logging rotation and whether or not dead trees persisted through each 
logging event. These scenarios are listed below.
Scenario 1
This scenario represented current practice in East Gippsland. The mean number of 
hollow-bearing trees measured on 13, lha logged sites in East Gippsland was two and the 
mean number of other trees >40 cm dbh was four. The probability of mortality among
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retained trees 2-4 years after logging was 0.41. The logging rotation in East Gippsland is 
nominally 80 years (DNRE 1996).
Scenario 2
This scenario was the same as Scenario 1 except post-logging mortality was reduced to 
levels observed in south-eastern NSW, viz. 0.14.
Scenario 3
This scenario was the same as Scenario 1 except post-logging mortality was reduced to 
zero.
Scenario 4
This scenario was the same as Scenario 1 except the logging rotation was shortened to 60 
years. Logging rotations in East Gippsland may be as short as 55 years on sites that have 
been thinned (Anon. 1996).
Scenario 5
This scenario was the same as Scenario 1 except the logging rotation was extended to 
120 years.
Scenario 6
This scenario represented current practice in south-eastern NSW. The mean number of 
hollow-bearing trees measured on 13, lha logged sites in south-eastern NSW was four 
and the mean number of other trees >40 cm dbh was nine. The probability of mortality 
among retained trees 2-4 years after logging was 0.14. The logging rotation was set to 80 
years.
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Scenario 7
As per Scenario 6 except the probability of mortality among retained trees in the period 
2-4 years after logging was set to levels observed in East Gippsland, viz. 0.41.
Scenario 8
As per Scenario 6 except the probability of mortality among retained trees after logging 
was set to zero.
Scenario 9
As per Scenario 6 except the logging rotation was shortened to 60 years. Trees retained 
on logged sites in south-eastern NSW may be harvested for sawlog from as young as 60 
years (SFNSW 1994).
Scenario 10
As per Scenario 6 except the logging rotation was extended to 120 years.
Scenario 11
As per Scenario 6 except all dead trees survived each logging event. Dead trees were 
culled after logging in all other scenarios.
Scenario 12
As per Scenario 6 except the number of hollow-bearing trees was increased to 5 ha'1 and 
the number of recruitment trees to 15 ha'1. Although the mean number of trees retained 
on logged sites that were surveyed in south-eastern NSW was 4 ha'1, the prescription has 
since been changed to 5 ha"1 (NPWS and SFNSW 1996).
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The simulation model was parameterised with the mean number of trees from 
measurements of 26 x lha logged sites in East Gippsland, Victoria, and south-eastern 
NSW. Only trees >40 cm dbh were included in the model. The same number of trees 
were retained at each logging event throughout the simulation. The largest trees were 
selected as those with hollows and the remainder came from the pool of even-aged trees 
that originated from the previous cutting event. The model was based on the dynamics of 
E. fastigata and E. obliqua, which were the two dominant species in the higher-elevation 
sites in the study area. Where other species were recorded on logged sites, e.g. Gippsland 
Peppermint (E. croajingolensis), Mountain Grey Gum (E. cypellocarpa), Errinundra 
Shining Gum {E. denticulata), Shining Gum (E. nitens), or White Stringybark (E. 
globoidea), these species were replaced with equal numbers of E. fastigata and E. 
obliqua. Results from 1-2 runs of the model, each over 4000 years, are summarised in 
Table 9.1. Results from separate runs of the model varied because the model was 
stochastic. These results therefore should not be interpreted in absolute terms and have 
been ranked.
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Table 9.1. The mean number of trees with hollows ha'1 perpetuated under different forest 
management scenarios. Each scenario was ranked in descending order according to the 
difference between the number of hollow-bearing trees initially retained and the predicted 
number perpetuated.
Scenario Mean no. 
retained trees 
with hollows 
(h a 1)
Mean no. 
recruitment 
trees >40 cm 
dbh (h a 1)
Probability 
of mortality 
after 
logging
Logging
rotation
(years)
Mean dbh 
(cm) of 
trees with 
hollows
Mean no. 
trees with 
hollows 
perpetuated 
(h a ‘)a
Rank
1B 2 4 0.41 80 113-123 1.2-1.4 9
2 2 4 0.14 80 114-133 1.6-1.9 3
3 2 4 0 80 120 1.8 2
4 2 4 0.41 60 90 0.6 12
5 2 4 0.41 120 149-160 1.5-1.8 6
6C 4 9 0.14 80 114-115 2.9-3.4 8
7 4 9 0.41 80 111-113 2.1-2.6 10
8 4 9 0 80 118 3.4 5
9 4 9 0.14 60 96 2.4 11
10 4 9 0.14 120 155-156 4.9-5.1 1
11° 4 9 0.14 80 117 3.1 7
12e 5 15 0.14 80 107-108 3.9-4.6 4
Notes:
A Mean calculated from the simulation when run over 4000 years; where ranges are given the simulation was 
run twice
B This scenario represents mean data from logged sites in East Gippsland, Victoria 
c This scenario represents mean data from logged sites in south-eastern NSW 
D In this scenario, dead trees survived each logging event
E This scenario represents hypothetical data - the diameter distribution of recruitment trees was varied
Under the silvicultural regime that prevailed at the time of this survey, logged sites in 
East Gippsland were predicted to perpetuate trees with hollows at a rate approximately 
30-40% below the mean number of trees with hollows initially retained on logged sites 
(Table 9.1, Scenario 1). For south-eastern NSW, trees with hollows were predicted to be 
perpetuated at a rate approximately 15-27% below the mean number of trees with 
hollows initially retained on logged sites (Table 9.1, Scenario 6).
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From one run of the model, an increase in the number of trees with hollows perpetuated 
on logged sites in East Gippsland (compared with levels perpetuated under current 
practice) was predicted where: post-logging mortality was reduced to zero (50% 
increase) (Scenario 3); post-logging mortality was reduced to south-eastern NSW levels 
(35% increase) (Scenario 2); or the forest was managed on a logging rotation of 120 
years instead of 80 years (25% increase) (Scenario 5). A reduction in the number of trees 
with hollows on logged sites (compared with numbers perpetuated under current 
practice) was predicted to occur if the forest was managed on a logging rotation of 60 
years instead of 80 years (50% decrease) (Scenario 4). Under none of these scenarios was 
the long-term number of trees with hollows predicted to be equal to, or above, the mean 
number of hollow-bearing trees retained on logged sites.
For south-eastern NSW, a single run of the model predicted an increase in the number of 
trees with hollows (compared with levels perpetuated under current practice) where: the 
logging rotation was extended to 120 years (69% increase) (Scenario 10); post-logging 
mortality was reduced to zero (17% increase) (Scenario 8); or dead trees were allowed to 
persist through each logging rotation (7% increase) (Scenario 11). The number of trees 
with hollows perpetuated in the long-term was predicted to decrease if: post-logging 
mortality was increased to levels observed in East Gippsland (28% decrease) (Scenario 
7); or the logging rotation was reduced to 60 years (40% decrease) (Scenario 9). Only 
under the scenario of an extended logging rotation (to 120 years) was the long-term 
number of trees with hollows predicted to rise above the mean number of hollow-bearing 
trees initially retained on logged sites (Scenario 10). The effects of different rates of 
mortality and different rotation lengths on the predicted number of trees with hollows are 
summarised in Figure 9.5.
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The predicted number of trees with hollows perpetuated on logged sites also varied 
according to the ratio of trees with hollows to trees without hollows (recruits). For 
logged sites in East Gippsland and south-eastern NSW, the ratio of trees with hollows to 
recruits was 2:4 and 4:9 respectively. Under scenarios with the same rotation (80 years) 
and rate of post-logging mortality (0.14), these ratios perpetuated trees with hollows at a 
rate 20-27% below the mean number of retained trees with hollows (scenarios 2 and 6). 
When the ratio was increased to 5:15, and holding the other variables constant, trees with 
hollows were perpetuated at a rate that was 8-22% below the mean number of trees with 
hollows (Scenario 12).
The predicted proportions of all trees with hollows that were suitable for occupancy by 
vertebrate fauna were highest for scenarios where the logging rotation was 120 years and 
lowest for scenarios where the logging rotation was 60 years. These scenarios resulted in 
trees with hollows having the highest and lowest mean dbh values respectively (Table 
9.1). The proportion of hollow-bearing trees suitable for occupancy was positively 
associated with dbh (Figure 9.4).
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Figure 9.5. The predicted number of trees with hollows (h a 1) perpetuated on logged sites in 
East Gippsland and south-eastern NSW under scenarios where post-logging mortality among 
retained trees (top) and the length of the logging rotation (bottom) were altered. Predictions 
are means and were calculated from two runs of the model, each over 4000 years (although 
only one run was conducted for scenarios where the rotation was set to zero mortality and 60 
years). The logging rotation for the mortality scenarios (top) was fixed at 80 years.
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9.4 Discussion
The effects of different forest management scenarios on the number of trees with 
hollows
Trees with hollows were perpetuated on logged sites in the study area at a rate predicted 
to be below initial retention levels. This shortfall was greater in East Gippsland, 
compared with south-eastern NSW. However, the model predicted that hollow-bearing 
trees were being perpetuated in East Gippsland above the prescribed retention rate of 0.3 
trees ha'1. The predictions were likely to be conservative, as the long-term mortality of 
trees retained on logged sites was set to zero in the absence of empirical data. Predictions 
were also made on the assumption that all trees retained on logged sites were not 
harvested for 80 years. This may not occur. Sites may be thinned over the intervening 
period (CNR 1993, SFNSW 1994) and rotation lengths may be shorter than specified in 
the model (SFNSW 1994, Anon. 1996). Because there is a pulse in mortality which 
occurs after each logging event (Chapter 8), any increase to the number of cutting cycles 
will result in further reductions to the number of trees with hollows perpetuated on 
logged sites.
Post-logging mortality, the length of the logging rotation, and the ratio of trees with 
hollows to trees without hollows were found to affect the numbers of hollow-bearing 
trees perpetuated on logged sites. Forests in East Gippsland managed under a scenario 
with a low-intensity post-logging bum were predicted to support a substantially higher 
number of trees with hollows on logged sites. Further increases were predicted to occur 
where post-logging mortality was set to zero (Table 9.1). As fire was the main cause of 
mortality among trees retained on logged sites (Chapter 8), these results suggest that 
seedbed preparation techniques which do not involve broad-cast burning (e.g. mechanical
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disturbance), or include proven measures to protect trees from fire, will result in higher 
numbers of trees with hollows being perpetuated.
Extending the rotation from 80 to 120 years was the only single strategy applied to 
logged sites (in south-eastern NSW only) that led to the predicted number of trees with 
hollows being perpetuated at, or above, initial retention levels (Table 9.1). This was an 
important result because 60-70% of the net productive forest in the study area has been 
logged with retention levels at, or below, those reported in this chapter (SFNSW 1994, 
Woodgate et al. 1994, Anon. 1996, Recher 1996, Anon. 1998b), leaving few 
management options for these sites, at least over the next few rotations. Setting aside 
areas to be logged on long rotations has been recommended by a number of authors 
(Cline et al. 1980, Recher et al. 1987, Lindenmayer and Possingham 1996). In Douglas 
Fir {Pseudotsuga menziesii) forest, stands managed on a longer rotation supported snags 
(dead trees) with a higher average dbh (Cline et al. 1980). Similar results were predicted 
in this study (Table 9.1). This is a desirable result from a conservation perspective 
because large trees generally form hollows suitable for a greater diversity of hollow­
using species (Chapter 5).
Reducing the logging rotation from 80 to 60 years had a negative effect on the long-term 
numbers of trees with hollows (Table 9.1, Figure 9.5). Approximately 1.5% of 
Australia’s multiple-use forests are cut annually (BRS 1998), which indicates that the 
average length of logging rotations in eucalypt forests is 67 years. In economic terms, it 
is best to harvest forests at the minimum age at which the desired product is produced 
(Gullison 1998). Improvements to wood utilisation techniques and silviculture are 
therefore likely to decrease the minimum age at which trees can be harvested. For 
example, the logging rotation in East Gippsland may be reduced to 55 years where sites
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have been thinned (Anon. 1996). Predictions from the simulation model indicated that 
trees with hollows cannot be perpetuated at desired numbers on a rotation of 60 years.
The number of trees retained on logged sites also had a bearing on the number of trees 
with hollows perpetuated. From measurements of trees retained on sites logged between 
1991 and 1994, the average ratio of trees with hollows to trees >40 cm dbh without 
hollows in East Gippsland and south-eastern NSW were 2:4 and 4:9 respectively. In both 
cases this was insufficient to perpetuate the hollow resource at initial retention levels, 
even when mortality was set at the lower levels experienced in south-eastern NSW 
(0.14). In scenarios where this ratio was increased to 5:15, the number of trees with 
hollows was perpetuated slightly below initial retention levels (Table 9.1). The initial 
diameter distribution of recruitment trees will only affect the number of trees with 
hollows perpetuated in the first few rotations. After these trees die, recruitment trees can 
only be selected from even-aged cohorts that regenerated from a previous cutting event. 
However, the effect of increasing the ratio of recruitment trees did not have as large an 
effect as extending the logging rotation or reducing post-logging mortality. The quality of 
retained trees was also an important variable in simulations of hollow-bearing trees on 
logged sites in E. regnans forest (Ball et al. 1996). Growth restricted stems have only a 
small likelihood of developing into trees with hollows suitable for occupancy (Chapter
7).
Where dead trees were allowed to persist through logging events, the number of trees 
with hollows perpetuated on logged sites increased slightly. Although dead trees may 
remain standing on logged sites for over 40 years (Shepherd 1957), their standing life, on 
average, is likely to be considerably shorter (Lindenmayer et al. 1990a, 1997a). 
However, dead trees appeared to temper the sharp reduction in the number of trees with
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hollows that occurred soon after logging. Dead trees can also be used to elevate the 
number of available hollows without attendant suppression of eucalypt regrowth 
(Shepherd 1957). The majority of dead trees are pushed (bulldozed) by machinery during 
harvesting operations for safety reasons (Houlihan et al. 1992) and because of their 
propensity to fall across fire-breaks established around the perimeter of logged areas 
(Gibbons, pers. obs.). However, hollows in dead trees are used by many species of 
vertebrate hollow-using fauna in Australia (Lindenmayer et al. 1990b, Adam-Gates 1996, 
Gibbons and Lindenmayer 1997a, 1997b). Consideration should therefore be given to 
retaining dead trees on logged sites.
Predictions from the model indicated that the number of trees with hollows suitable for 
occupancy by fauna were considerably lower than the number of trees with hollows 
perpetuated. If selected at random, approximately 57% of living trees with hollows are 
likely to be suitable for occupancy (Chapter 5), although hollow-bearing trees retained on 
logged sites are unlikely to be selected at random. Nevertheless, predictions from the 
model indicated that the mean dbh of trees with hollows was considerably reduced under 
some forest management scenarios (e.g. 60-year rotations), suggesting that the choice of 
trees for selection was also reduced. As the proportion of trees suitable for occupancy is 
positively associated with dbh, this would also reduce the proportion of hollow-bearing 
trees that were suitable for occupancy by fauna.
A ranking of the different management scenarios
In summary, differences between the number of hollow-bearing retained on logged sites, 
and the number perpetuated on logged sites under different management scenarios were 
ranked (in descending order) as follows:
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1. extended rotations and low post-logging mortality
2. low post-logging mortality (± increased ratio of recruitment trees)
3. extended rotations and high post-logging mortality
4. low post-logging mortality and dead trees protected
5. existing management scenarios
6. high mortality
7. shortened rotations
8. high mortality and shortened rotations.
Extended logging rotations combined with low post-logging mortality perpetuated the 
hollow resource at the highest numbers relative to initial retention levels. Low post­
logging mortality had the next largest effect, with or without an increase in the number of 
recruitment trees, indicating that better outcomes are not necessarily achieved by simply 
retaining more trees. Extended logging rotations combined with high post-logging 
mortality ranked third in the above list suggesting that an extended logging rotation is the 
most effective single strategy for perpetuating hollow-bearing trees at desired numbers. 
Retaining dead trees, combined with low mortality had a marginally better outcome than 
current practice. Scenarios representing existing management practice ranked low on the 
list. Shortened rotations and/or increased post-logging mortality had the worst relative 
outcomes on the number of hollows.
Limitations of models
There were a number of sources of environmental stochasticity not considered in this 
study. Fire and windstorms are likely to affect the abundance of trees with hollows. In 
south-eastern NSW, 87% of trees retained on seven logged sites were killed following a 
wild-fire (Braithwaite et al. 1984a). Since European settlement, wild-fires have occurred
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in these forests at intervals shorter than the typical logging rotation (Banks 1994, 
Woodgate et al. 1994). As it is not feasible to adjust the harvesting rate when 
unpredictable events such as fires kill retained trees, it may be more appropriate to 
manage sites so they support higher numbers of trees with hollows than required. Trees 
in excess of requirements can be harvested in subsequent cuts. The unpredictable effects 
of environmental stochasticity on populations have led a number of authors to caution 
against setting harvest levels at maximum sustainable yield (Caughley and Gunn 1996, 
Mangel et al. 1996, Milner-Gulland and Mace 1998).
Despite the applicability of simulation modelling to this subject, limited resources 
necessarily led to some simplification to the statistical functions used in the model. For 
example, the model could only track the diameter increment of trees, which was, in turn, 
used as the sole explanatory variable in statistical models to predict occupancy, tree- 
growth and the formation of hollows. Each of these models had greater power when 
additional explanatory variables were used. For example, tree growth is a function of a 
number of additional variables such as physiological condition, competition and site 
productivity (nevertheless, age estimates for E. fastigata were comparable with those 
reported in Richards (1990) based on dendrochronological studies undertaken in Glenbog 
State Forest, just north of the study area (Banks 1994)). Greater precision may be 
achieved if the model tracked other parameters in addition to dbh (e.g. tree form) (see 
Ball et al. in press).
The mortality of retained trees between >4 years after logging and the end of the rotation 
was set to zero in the absence of suitable data. In this respect the results were likely to be 
conservative. Density-dependent mortality, modelled from observations of tree-density in 
even-aged cohorts, has been used to estimate long-term mortality among trees on logged
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sties (Mackowski 1987). However, mortality among isolated trees retained after 
clearfelling will be almost exclusively density-independent. As only a very small 
proportion of the regrowth stand is retained for recruitment purposes at each logging 
event, density-dependent mortality among logging regrowth was also inconsequential to 
the outcomes of the model. There were no long-term, published studies of mortality 
among trees retained on logged sites in eucalypt forest when this study was conducted 
(but see Anon. 1998a).
After a tree dies it may continue to remain standing, and providing hollows suitable for 
occupancy. The probability that a dead tree will fall has been estimated by Pausas (1997) 
based on data reported by Lindenmayer et al. (1990b, 1997a) from studies of the collapse 
of trees with hollows in montane ash forests. According to this model, the average 
longevity of dead trees was 10 years (Pausas et al. 1997), although dead trees in montane 
ash forests may survive for as long as 50 years (Lindenmayer et al. 1997a). In studies of 
Alpine Ash (E. delegatensis) approximately 25% of trees ringbarked after logging had 
collapsed on one site within 10 years, with most having fallen within 40 years (Shepherd 
1957). In the absence of these data for East Gippsland and south-eastern NSW, the 
annual probability of a dead tree falling was set to 0.05, which equates to an average 
standing life for dead trees of 20 years. This is more conservative than the relationship 
developed by Pausas (1997) based on data for E. regnans (Lindenmayer et al. 1990b, 
1997a).
For retained trees that survived logging-induced mortality, longevity was set according to 
maximum recorded ages for the different species. For E. fastigata, this was based on a 
dendrochronological study undertaken in the region (Banks 1994). However, whether the 
oldest tree recorded in the study by Banks (1994) (400 years) represented the maximum
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age of the species, could not be determined. The maximum age of E. obliqua (370 years) 
was estimated from the largest tree recorded in the study (247 cm dbh - from 
measurements of 819 trees) substituted in the age-dbh model in Equation 9.4. This 
required an extrapolation from the data set and, therefore, must be interpreted with 
caution. The oldest E. obliqua that has been recorded was 330 years (Ambrose 1982). In 
a review of dendrochronological studies of eucalypts from forested environments, it was 
found that age estimates rarely exceeded 400 years (Stoneman et al. 1997).
Data required for the sustainable management of the hollow resource in eucalypt forests 
are depauperate in a number of key areas. Data on the growth of trees through time was 
not available for the study area. Where growth plots have been established, trees in older 
age-classes are typically under-sampled (Mackowski 1987, Curtin et al. 1991). As a 
consequence, tree-growth models rarely predict beyond 100 years (e.g. West and Mattay 
1993). These models must be extended to older age-classes in order to investigate the 
long-term dynamics of trees with hollows. Other data, such as the presence of hollows in 
trees, have not traditionally been collected in forest inventories, although it has been 
demonstrated that this information can be collected in an integrated fashion (Ross 1998). 
Similarly, estimates of mortality among trees retained on logged sites can be collected 
with minor modifications to existing forest inventory. For example, post-logging 
regeneration surveys are conducted routinely at various intervals after harvesting (CFL 
1989, SFNSW 1994). These surveys should be extended to an assessment of trees 
retained on logged sites.
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9.5 Conclusions
Trees with hollows were unlikely to be perpetuated at desired numbers under any of the 
scenarios representing existing forest management practices in East Gippsland and south­
eastern NSW. Silvicultural systems must combine low rates of post-logging mortality, 
long rotations and a high ratio of recruitment trees to trees with hollows in order to 
perpetuate trees with hollows at target levels. As 60-70% of the study area has been 
harvested with prescriptions that are unlikely to perpetuate the desired number of trees 
with hollows, changes to management of these sites, such as extended logging rotations, 
must be considered.
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Chapter 10
Conclusions
10.1 Introduction
The objectives of this thesis were:
1. To identify the range of issues that need to be considered when developing strategies 
for retaining hollow-bearing trees (habitat trees) on logged sites in eucalypt forests;
2. Review existing approaches to hollow-tree retention on logged sites; and
3. Address perceived deficiencies in existing data and current approaches to habitat-tree 
retention.
This chapter summarises the approach taken in this thesis, presents a synthesis of results 
and the implications of these results for the conservation of hollow-using fauna on 
logged sites in eucalypt forests.
10.2 Thesis outline
Chapter 2 was a review of issues associated with retaining hollow-bearing trees on 
logged sites. That chapter was used to identify those effects of timber harvesting which 
should be mitigated by habitat-tree prescriptions, and the limitations placed on these 
prescriptions by silvicultural objectives. These issues were used as the basis for assessing 
the efficacy of a range of habitat-tree prescriptions employed on logged sites in eastern
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Australia (Chapter 3). There were five key areas for which there were insufficient data 
available to assess the efficacy of management practice:
1. The types of trees occupied by fauna
The occupancy of hollows by fauna was investigated by examining hollows in trees 
felled as part of logging. These data were ultimately used to develop guidelines for the 
types of trees with hollows that should be selected for retention on logged sites.
2. The number o f hollow-bearing trees used by fauna
The proportions of hollow-bearing trees occupied by fauna were multiplied by the 
number of hollow-bearing trees that occurred in unlogged forest to estimate the number 
of hollow-bearing trees occupied by fauna. These data were compared with the number 
of trees retained on logged sites.
3. The types of trees that develop hollows
Providing hollows on logged sites also involves the retention of trees that will develop 
hollows in the future. The process of hollow-formation was investigated for a number of 
different eucalypt species. The types of trees that are likely to develop hollows and the 
capacity for this process to be accelerated were discussed.
4. Mortality rates of trees retained on logged sites
The effects on different silvicultural systems on the mortality and collapse of trees 
retained on logged sites were investigated retrospectively.
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5. Perpetuating trees with hollows at desired numbers on logged sites 
Data on the types of trees that developed hollows suitable for occupancy, the 
development of hollows in eucalypts and mortality among trees retained on logged sites, 
were combined in a simulation model to examine whether trees with hollows were being 
perpetuated at desired numbers.
A substantial data base comprising new data from measurements of 472 hollows in 228 
felled trees, 1309 standing trees on 45 unlogged sites, 1714 trees on 57 logged sites and 
cross-sections measured on 103 trees was collected to investigate these issues.
10.3 Impacts of timber harvesting on hollow-using fauna
Studies have found that timber harvesting has a negative effect on populations of hollow­
using fauna (Table 1.1), although impacts vary with the species and intensity of logging. 
Populations of hollow-using fauna are generally considered to be positively associated 
with the number of available hollows, when other habitat variables are held constant 
(Lindenmayer et al. 1990a, 1991b, 1994a, Newton 1994). Logging reduces the 
availability of hollows to fauna in a number of ways:
Logging reduces the number of hollow-bearing trees
Perhaps the most obvious impact of timber harvesting on hollows is the removal of trees 
with hollows. In the study area, logged stands, on average, contained 10-20% fewer trees 
with hollows than unlogged forest. Approximately 57% of all living trees with hollows in 
unlogged forest were used by vertebrate fauna, so the loss of trees used by hollow-using 
fauna was considerable. As the numbers of hollows are reduced, some species are more 
vulnerable to having their population sizes reduced, or eliminated altogether (Smith and
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Lindenmayer 1988, Lindenmayer et al. 1991a, Newton 1994). It is therefore unlikely that 
the effects of logging on fauna populations is proportional to the number of hollows 
removed.
Logging reduces the diversity of hollow types
Logged stands are generally dominated by smaller trees than unlogged forest. Although 
logging regrowth may still contain substantial numbers of hollows, most of these occur in 
small, dead stems. Small, dead trees have a short standing-life and contain hollows 
suitable for occupancy by few hollow-using fauna, relative to large trees. There is 
evidence to suggest that certain combinations of species are unlikely to share hollow­
bearing trees (e.g. Lindenmayer et al. 1990a). Where few trees with large hollows are 
retained, this may lead to a situation where individual trees are monopolised by certain 
species, although this is speculative. Recolonisation patterns of hollow-using fauna on 
logging sites is poorly studied in Australia.
Logging alters the spatial arrangement of hollow-bearing trees
Occupancy rates of trees with hollows were found to be greater where such trees 
conformed to random, as opposed to clumped, distributions (Lindenmayer et al. 1991a). 
Logging results in a concentration of the remaining hollow-bearing trees in certain parts 
of the landscape, such as drainage lines (Ambrose 1982). Some prescriptions exacerbate 
this situation by specifying that habitat-trees should be retained in a clumped distribution 
on logged sites (see Table 3.7). The clumping of hollow-bearing trees is believed to have 
a detrimental effect on hollow-using fauna, because many species are territorial (Attiwill 
et al. 1996). This occurs where the home range of an individual, or the area defended 
around the hollow, includes adjacent trees. The distance between retained trees may also
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be limiting to fauna. Many hollow-using fauna use >1 hollow within their home range for 
reasons that are unclear, but may be related to factors such as reducing parasite burdens 
or thermoregulation (see Chapter 2). The distance between hollow-bearing trees retained 
on some logged sites in eastern Australia exceeds the typical home-range movements of 
some species, therefore potentially limiting their access to multiple hollows (Chapter 3).
Logging hinders the recruitment of trees with hollows
Logged sites examined in this thesis were predicted, on average, to perpetuate trees with 
hollows at a level below initial retention rates. The major reasons for this were: (a) the 
extent of post-logging mortality that occurred among retained trees; (b) the length of the 
logging rotation; and (c) the number of recruitment trees retained. The quality of trees 
retained for recruitment was also important: small, suppressed stems were unlikely to 
develop hollows suitable for occupancy by most species.
10.4 The need for dedicated habitat-tree prescriptions
In recent times, biodiversity conservation in Australian forests has focused on the 
establishment of a comprehensive, adequate and representative reserve system (Anon. 
1997). A compelling argument for conservation measures to instead be focused at all 
spatial scales is provided in (Lindenmayer and Franklin 1997). Reasons include: 
conservation reserves amount to a small percentage of the landscape and therefore do not 
reserve all of its biodiversity; even large reserves may not support viable populations of 
some species; smaller reserves such as wildlife corridors do not support certain species 
and their efficacy in maintaining landscape processes (e.g. connectivity) remains 
uncertain; and certain parts of the landscape tend to be favoured for reservation 
(Lindenmayer and Franklin 1997). In addition, smaller reserves may deteriorate rapidly
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because of their size and high perimeter to area ratio (Saunders et al. 1991). Lindenmayer 
and Franklin (1997) concluded that a range of strategies implemented across the 
landscape is akin to "risk-spreading" - if one option is ineffective for a given species, 
then effective conservation may be achieved with another.
That strategies such as habitat-tree retention must be employed on logged sites is 
enshrined in Australia's forest policy and environmental legislation. The Victorian Flora 
and Fauna Guarantee Act 1988 stated as one of its objectives that all species will be 
conserved across their ranges. Further, it identified the loss of hollow-bearing trees as a 
threatening process to fauna in that State. The National Forest Policy Statement (Anon. 
1992), which was the impetus behind the Regional Forest Agreement process for 
Australia's forests, stated that forests available for wood production must be managed in 
a way that is complementary to the conservation reserve network. As a consequence, all 
forest management agencies in Australia employ off-reserve conservation strategies, one 
of which is the retention of habitat trees on logged sites.
10.5 Modifications required to existing habitat-tree prescriptions
There is considerable uncertainty regarding the extent to which prescriptions employed 
on logged sites mitigate each of the impacts outlined in Section 10.3. All, or some, of the 
prescriptions reviewed in this thesis: (1) did not provide guidelines regarding the types of 
trees that should be retained; (2) did not document the basis for the number of trees with 
hollows retained; (3) retained trees at a spacing that was not congruent with the home- 
range movements of some species; (4) resulted in high attrition rates of retained trees; 
and (5) did not include strategies for perpetuating trees with hollows at desired numbers. 
In many cases, there were insufficient empirical data to guide the formulation of these
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prescriptions. Each of these issues were investigated further in this dissertation and the 
results are discussed below.
The types of trees selected for retention on logged sites
Guidelines are required for the types of trees selected for retention on logged sites in 
eucalypt forest. A considerable proportion of hollows was not suitable for occupancy by 
fauna. Hollows must meet minimum requirements with respect to size and the degree of 
shelter they afford the occupant. Approximately 57% of trees with hollows showed 
evidence of previous occupancy by hollow-using fauna. Trees with hollows selected at 
random therefore have only a slightly greater than even chance of being suitable for 
occupancy. There are certain characteristics of trees that are indicative of them being 
suitability for occupancy by vertebrate fauna. Guidelines such as those reported in 
Chapter 5 should be included in all prescriptions. However, whether these rules apply 
universally to eucalypts requires further investigation.
Similarly, trees selected as recruitment stems (i.e. trees that will develop hollows in the 
future) cannot be selected at random. Some tree species have a greater propensity to form 
suitable hollows than others (Kehl and Borsboom 1984, Taylor and Haseler 1993), 
although this was not the case for the tree species examined in this study. Trees that are 
suppressed, or growth-restricted, should not be selected for retention. Dominant and co­
dominant trees had the highest probability of containing hollows. Recruitment trees 
should therefore be selected in much the same way as trees selected for future growth 
(and wood production) potential.
Standing, dead trees are a prominent structural feature of temperate forests (Bennett et al. 
1994a, Ohmann et al. 1994) and may be important ecologically (Franklin et al. 1987,
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Brown and Nelson 1993). In the present study, 18.5% of all trees with hollows were dead 
stems. Dead trees are utilised as nest sites by many species of hollow-using fauna 
(Adam-Gates 1996, Gibbons and Lindenmayer 1997a, 1997b) and are preferentially 
selected by some species (Taylor and Sawa 1988). Their retention, and protection, may 
increase the number of hollow-bearing trees perpetuated on logged sites (Chapter 9). 
Silvicultural practice in Australian forests encourages the removal of dead trees. Only 
one prescription reviewed in Chapter 3 recommended their retention. Dead trees are 
considered an occupational health and safety hazard (Bloch and Murphy 1994) and have 
a propensity to fall across fire-breaks during post-logging burning operations (Gibbons, 
pers. obs.). Nevertheless, dead trees may be retained in considerable numbers on logged 
sites (see photos in Florence 1996, p. 299 and Lindenmayer 1996 p. 104). However, dead 
trees possibly suffer the highest rates of collapse as a result of fire, whether this be post­
logging fire such as broad-cast burning, or fuel reduction burning. The latter has the 
potential to cause considerable losses among dead trees because it is employed on short 
cycles (SFNSW 1994, Lamb et al. 1998). One important advantage of retaining dead 
trees is that they represent minimal competition to logging regrowth (Shepherd 1957). 
Planned retention of dead trees (e.g. on lower slopes) could minimise the attendant safety 
risk. Logged sites could also be treated in a way that reduces the attrition rate of dead 
stems (Chapter 8).
The number of hollow-bearing trees retained on logged sites
In the study area, fauna, on average were utilising 10.3 hollow-bearing living trees per 
ha, which was considerably higher than the number retained on logged sites. However, 
the threshold below which hollows became limiting to populations was not identified. 
This figure is likely to differ between species and will vary for different species 
assemblages. As the numbers of hollows are reduced, some species are more likely to
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experience population declines than others (Smith and Lindenmayer 1988, Lindenmayer 
et al. 1991a, Newton 1994). Defining a threshold below which hollows become limiting 
to fauna will also depend on the spatial scale being considered. The viability of a 
population will depend on the proportion and extent to which the population is affected. 
A threshold may also vary temporally. In climatically favourable seasons, populations 
may be greater than unfavourable seasons (e.g. Lunney 1987) and therefore more hollows 
may be required. Determining a threshold level is further complicated because of the 
many other habitat variables that influence fauna populations. It is therefore unlikely that 
there will be any single threshold below which the number of hollows become limiting to 
assemblages of hollow-using fauna.
Representativeness, which is the principle on which the conservation reserve system is 
being reviewed in the forests of Australia, could be a sound principle for guiding the 
number of habitat trees retained in logged areas. Retaining sufficient trees to perpetuate 
hollow-bearing trees at around 10 ha'1 is unlikely to be acceptable from a wood 
production perspective if applied across the entire net productive area. The corollary is 
that prescriptions formulated to maximise wood production are not appropriate for 
conservation (Chapter 3). A prescription based on representativeness would see habitat- 
trees retained in numbers proportional to their occurrence across the management unit. 
That is, areas (or management units) over which few hollow-bearing trees were present 
would be managed differently from areas over which many hollow-bearing trees 
remained. Using this approach, some areas may be harvested without habitat-tree 
retention. However, setting quantitative targets to achieve representativeness is a difficult 
task, as demonstrated by continuing debate regarding the appropriateness of the 15% 
reservation target applied in Australia's forests.
199
Habitat-tree retention across the landscape must also compensate for past management 
practices. Approximately 60-70% of the net productive forest in the study area has been 
previously harvested (SFNSW 1994, Anon. 1996, Anon. 1998b). Much of this area was 
managed with no prescribed habitat-tree retention, or a prescribed retention rate of 0.3 
hollow trees ha 1 (CNR 1993, Recher 1996), which is insufficient for conservation 
purposes. Trees retained on logged sites were also killed as part of Timber Stand 
Improvement operations in many areas (CNR 1993). In British Columbia, the proportion 
of the management unit on which habitat-trees are to be retained is calculated according 
the proportion of that management unit that has been previously harvested without the 
retention of sufficient habitat trees (Anon. 1995a). The opposite is current policy in 
intensively cut-over areas (i.e. "the regrowth zone") in NSW, where hollow-bearing trees 
must be retained only where they still occur (NPWS and SFNSW 1996). This policy not 
only diverges from the principle of representativeness, which is used to guide reservation 
in Australia's forests, but will see continued erosion of the hollow resource, with 
concomitant effects on populations of hollow-using fauna.
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The spatial arrangement of hollow-bearing trees retained on logged sites
Habitat-tree prescriptions employed on logged sites in some parts of Australia resulted in 
hollow-bearing trees occurring in spatial patterns that were not congruent with the 
requirements of a range of hollow-using fauna (Chapter 3). This issue has had 
considerable impact on habitat-tree prescriptions employed in NSW due to reviews such 
as those of Smith (1994) and Attiwill et al. (1996). Prescriptions in NSW now specify 
that hollow-bearing trees must be retained in an even distribution across logged areas. 
However, habitat trees retained on logged sites in the wet forests of Tasmania and eastern 
Victoria occur at spatial arrangements that exceed the typical home-range movements of 
many hollow-using taxa (Chapter 3). Notably, logged sites in these regions are treated 
with high-intensity post-logging fire.
Mortality and collapse of trees retained on logged sites
Mortality and collapse of trees retained on logged sites in eucalypt forest is poorly 
studied. Post-logging mortality was an important variable contributing to the finding that 
trees with hollows were perpetuated on logged sites in the study area at rates below 
initial retention levels (Chapter 9). Prescriptions generally contained guidelines for 
protecting trees from post-logging fire (Chapter 3), although the efficacy of these 
measures has not been investigated. In this study, the type of silvicultural system - 
specifically the intensity of the post-logging fire - had a significant bearing on mortality 
among retained trees (Chapter 8). Fire reduces the mechanical strength of trees by 
creating a fire scar and excavating a hollow pipe in the main stem. A tree will not remain 
standing if more than half of the girth has been removed by fire-scarring or the ratio of 
sound wood to hollow pipe falls below a certain threshold (Mattheck et al. 1995).
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The high rate of mortality observed among retained trees on logged sites in East 
Gippsland (Chapter 8) demonstrated poor integration of the habitat-tree prescription with 
the predominant silvicultural system. In the same forest type, but in south-eastern NSW, 
mortality rates among trees retained on logged sites were 66% less than in East 
Gippsland. Logged sites in south-eastern NSW were treated with a low intensity broad­
cast bum, compared with a high-intensity bum used to treat sites in East Gippsland. 
Other alternatives, such as mechanical disturbance of logged sites, can also achieve 
reliable regeneration with less impact on retained trees. Alternatively, or in concert, 
prescriptions that afford protection to individual trees could be applied in logged stands.
Long-term rates of mortality and collapse among trees retained on logged sites were not 
studied. Even a low annual rate of mortality among trees retained on logged sites is likely 
to have a considerable negative effect on the number of hollows because of the long 
time-frames involved. A retrospective, long-term study of mortality was undertaken in 
permanent growth plots throughout the forests of south-west Western Australia (Anon. 
1998a). This approach should be repeated in other parts of Australia. Similarly, the rate 
at which dead trees collapse should be investigated. As discussed previously, there is 
considerable potential for dead trees to contribute to habitat-tree prescriptions. The 
greatest potential draw-back of retaining dead trees is their short standing-life 
(Lindenmayer et al. 1997a), but there are few long-term studies which have examined 
this.
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Achieving a sustained yield of trees with hollows
Results reported in this thesis raise some important issues with respect to the calculation 
of sustainable yield in multiple-use eucalypt forests. Sustainable yields in forests vary 
according to the product being sought. For pulp wood (or fuel-wood) production, 
maximum sustainable yield is achieved for many eucalypt species by harvesting stands at 
a young age; as young as 10 years (Florence 1996). Maximum sustainable yield for sawn 
timber is achieved by managing stands on longer rotations. The rotation length in East 
Gippsland (65-120 years) is based on the sustainable yield calculated for sawlog 
production (CNR 1993, Anon. 1996). Where the stand has been thinned, the rotation may 
be shortened to 55 years (DNRE 1996). In south-eastern NSW, the sustainable yield is 
calculated on the basis of both pulpwood and sawlog production, with trees harvested for 
sawlogs from about 60 years (SFNSW 1994). A recent census indicated that 1.5% of 
Australia's multiple-use forest is cut annually (BRS 1998). This equates to an average 
rotation of 67 years.
Simulations reported in Chapter 9 indicated that a sustained yield of trees with hollows 
became increasingly difficult to achieve as rotations were shortened. Essentially, trees 
with hollows could not be managed at a sustainable yield when logging rotations were 60 
years, and could only be managed sustainably on a rotation of 80 years with very low 
post-logging mortality and a suitable ratio of recruitment trees (Chapter 9). When 
managed on short rotations, trees are exposed to higher overall rates of post-logging 
mortality and fewer trees develop hollows between cutting events to replace those lost.
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10.6 Adaptive management
"Adaptive management" is a phrase that has been popularised in recent times to describe 
a management system that is not fixed, i.e. is responsive to changed circumstance 
(Walters and Holling 1990). Adaptive management is an appropriate principle to guide 
forest management because of the uncertainties associated with the long-term impacts of 
many forest management activities.
Adaptive management can only occur for a system generating new data about itself. 
Examples of this occurring with respect to habitat-tree retention are sparse. There is 
some uncertainty as to whether trees stand a higher likelihood of survival on logged sites 
if retained within clusters of other trees (Gibbons and Lindenmayer 1997a). In response 
to this uncertainty, a prescription recommended for the Eden Management Area in south­
eastern NSW specified that one in every three habitat trees was to be retained in a cluster 
of unlogged vegetation (DUAP 1995). This is a sound approach to adaptive management 
because it enables comparison of two management strategies.
Adaptive management requires a comprehensive system of monitoring. There was no 
requirement for monitoring within the prescription for the Eden Management Area 
discussed above. Therefore, the efficacy of this prescription is unlikely to be evaluated 
and the feedback mechanism for adaptive management is not completed. Such 
information should be collected as a component of surveys routinely conducted on 
logged sites, e.g. regeneration surveys. In South-east Queensland, information on hollow 
development is collected routinely as part of forest inventory on permanent growth plots. 
These data are used to predict the number of trees with hollows that are perpetuated in 
forests managed for timber production and the effects of different management scenarios 
on the number of hollows (Ross 1998). This approach, if conducted appropriately,
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ensures a large, and constantly growing, data base from which sound management 
decisions can be made. Studies such as those reported in this thesis are based on small 
data bases focused on particular geographic regions, and therefore can only be 
extrapolated to other areas with a high degree of uncertainty.
Adaptive management requires the setting of targets against which the performance of 
management systems can be judged. For example, in East Gippsland, one of the 
management objectives is, "to maintain a natural range of age-classes and the 
complement of species and genetic strains native to the locality" (Anon. 1996). This 
would be an appropriate objective and is easily measured. However, the same report 
stated that the wet and damp forest types of East Gippsland, "...tend to be even-aged and 
long-lived, with relatively little regeneration occurring between high intensity wild­
fires." Data reported in this thesis indicates that statements made in Anon. (1996) are 
incorrect, which suggests that the original objective has been set with no baseline data, or 
the structure of logged forest has never been measured. Objectives such as these can only 
be honoured with a rigorous data set collected in unlogged and logged stands.
Adaptive management can only be implemented if the management system is capable of 
being modified. Enhanced resource security is one of the objectives of the Regional 
Forest Agreement process underway in Australian forests (Anon. 1995b). As part of this 
process, sustainable yields may be set before habitat-tree prescriptions have been 
finalised. For example, in East Gippsland, where a Regional Forest Agreement has been 
completed, the present prescribed rate of habitat-tree retention is 5 per 15 ha (or 0.3 ha'1) 
(CNR 1993). In the area of East Gippsland examined in this thesis, trees with hollows 
were occupied by fauna at a rate of approximately 7-14 ha'1 (Chapter 6) and the number 
of trees with hollows retained on logged sites in neighbouring south-eastern NSW was 5
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ha"1 (NPWS and SFNSW 1996). Results from Chapter 9 also indicated that the present 
ratio of trees with hollows, to trees without hollows, retained on logged sites in East 
Gippsland, was insufficient to perpetuate existing numbers. These data suggest that 
substantially more trees must be retained on logged sites in East Gippsland to achieve 
ecological sustainability. However, changes in retention levels would require 
concomitant adjustments to sustainable yields, which runs counter to the resource 
security objectives of the Regional Forest Agreements. Long-term wood-supply 
agreements can only be consistent with adaptive management if they are not based on 
maximum sustainable yields, but instead on conservative estimates capable of 
accommodating changes to the management system if required.
Adaptive management is also difficult in the context of retaining hollow-bearing trees 
because of the prolonged legacy of any management action. The trend in a population 
harvested above sustainable yield is initially the same as for a population harvested at 
sustainable yield (Caughley and Gunn 1996). The longer-lived the organism, the longer 
the period before this divergence becomes apparent. Equally, the longer it takes for the 
trend to be reversed. Sound planning is a necessary prerequisite to developing habitat- 
tree prescriptions. The use of simulation modelling (Chapter 9) to predict stand structure 
is therefore an important tool for managing the hollow resource in wood production 
eucalypt forests.
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